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Abstract

Background:Wildlife zoos provide the opportunity for children and adults to interact

withanimals,However, it’s unknown that the riskof contactwithanimals,which carried

zoonotic pathogens and antimicrobial resistant bacteria.

Objectives: This study aimed to investigate the prevalence and antimicrobial suscep-

tibility of extended-spectrum β-lactamases Escherichia coli (ESBLs-EC) from a wildlife

zoo in China.

Methods: A total of 93 wildlife faecal samples were collected from a wildlife zoo.

Agar dilutionmethodwas used to determine the resistant phenotype.Whole genomes

sequencing andbioinformatic analysiswere employed to evaluate themolecular typing

and genetic relationships of ESBLs-EC.

Results: A total of 23 CTX-M-positive ESBLs-EC were isolated from swan (n = 14),

squirrel monkey (n = 5), black hat hanging monkey (n = 2), gibbon monkey (n = 1)

and phoenicopteridae (n= 1) respectively. All ESBLs-EC strains were resistant to cefo-

taxime, tetracycline, ciprofloxacin and trimethoprim-sulfamethoxazole, but suscep-

tible to colistin, tigecycline, meropenem and amikacin. By screening whole genome

sequences, ESBLs-EC strains main carried blaCTX-M-55 (34.8%, 8/23) and blaCTX-M-14

(26.0%, 6/23), following by blaCTX-M-27 (21.7%, 5/23), blaCTX-M-15 (13.0%, 3/23) and

blaCTX-M-121 (4.3%, 1/23). ESBLs-EC strains mainly belonged to phylogroup A (60.9%,

14/23), and ST48, ST746 and ST616 (3 strains respectively, 13.0%) were major ST

types. Core genome-based single nucleotide polymorphism (SNP) analysis suggested

that strains from the swan, over the phylogenetic tree, have a closer genetic rela-

tionship with strains from other animals (black hat hanging monkey, gibbon monkey,

phoenicopteridae and squirrel monkey).

Conclusions: CTX-M type ESBLs-EC can transmit between animals in wildlife zoos,

which may be a risk of spread to animal keepers, veterinarians and visitors when
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contact with animals. Our study provides that the importance of hygiene measures to

minimise the risk of transmission of ESBLs-EC to visitors in wildlife zoos.
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1 INTRODUCTION

Antimicrobial agents are commonly used for the treatment of bac-

terial infections and prevent animal diseases, which are widely used

in healthcare, agricultural farming and zoo animal (Conrad et al.,

2018). China is one of the worldwide largest producers and con-

sumers of antimicrobials, with a total consumption of 162,000 tons

of antimicrobials in 2013, more than half of which were veterinary

antimicrobials (Qian-Qian Zhang et al., 2015). The irrational use of

antimicrobials has led to increased antimicrobial resistance and poten-

tial threats to the health of humans and animals (Nkansa-Gyamfi et al.,

2019).

The β-lactams, including penicillins, carbapenems, cephalosporins

andmono-bactams, are essential to the practice ofmedicine in the 21st

centry (Bush & Bradford, 2016). Although different parts of different

resistance, the threat remains that any new resistancemechanismmay

spread rapidly to other areas (Bush & Bradford, 2020). With the clin-

ical use of these β-lactams, the emergence of extended-spectrum β-
lactamases (ESBLs) that hydrolyze third generations of cephalosporins,

including cefotaxime, ceftriaxone and ceftazidime in the early 1980s

(Bauernfeind et al., 1990; Guenther et al., 2010). The emergence of

ESBLs-producing bacteria has greatly limited the available drugs for

clinical use, which has threatened human health. The number of β-
lactamases increased dramatically over time, and this increase was

almost entirely attributable to classAandD β-lactamases (Bush, 2010).

Themain ESBLs are TEM, SHV, CTX-M, VEB andGES. Among them, the

largest numberof variants described in thepast fewyears is theCTX-M

family (Abrahamet al., 2018; JH, 2009). In 1989,CTX-Mwhich is differ-

ent fromTEMandSHV,was first appeared (Woerther et al., 2013). Cur-

rently, CTX-M type ESBL has become the most common ESBLs world-

wide, where the most common host is Escherichia coli and Klebsiella

pneumoniae (Stercz et al., 2021).

In recent years, ESBLs Escherichia coli (ESBLs-EC) has been found

and reported in a large number of people, animals and the environment

around the world, and it suggested that ESBLs-EC can be transmitted

among people, animals and environment (Doi et al., 2017). Zoos are

reservoirs of drug-resistant bacteria because of their numerous ani-

mal species and dense population (Furlan et al., 2020). Humans visit-

ing and contact with animals in wildlife zoos will increase the risk of

acquiring resistance bacteria, so the distribution of resistance bacte-

rial in zoos is very important to the local public health security. Herein,

our study aims to investigate the prevalence and antimicrobial suscep-

tibility of ESBLs-EC in zoowildlife and further genomic epidemiologyof

ESBLs-EC.

2 MATERIALS AND METHODS

2.1 Sample collection, isolation and identification

In 2020, we collected 93 animal faecal samples including swan, gib-

bon monkey, squirrel monkey, phoenicopteridae, black hat hanging

monkey, peacock, alpaca and guinea fowl from a wildlife zoo, Hunan,

China. Sterile cotton swabs were used to collect all faecal sam-

ples and maintained in sterile LB broth (Solarbio, China). All sam-

ples were inoculated onto MacConkey agar (Solarbio, China) con-

taining 2 mg/L cefotaxime and 30 mg/L vancomycin. After incubated

overnight at 37◦C, single cefotaxime-resistant clones were picked

into 0.5 mL LB broth (Solarbio, China) at 37◦C for 18 h. Bacterial

species were confirmed by using 16S rRNA gene sequencing as pre-

viously described (Li et al., 2019). The polymerase chain reaction

(PCR) products were subsequently confirmed by Sanger sequencing

and BLAST analysis. CTX-M genes were detected by universal primer

(CTX-all-F: 5′-TTTGCGATGTGCAGTACCAGTAA-3′ and CTX-all-R: 5′-
CGATATCGTTGGTGGTGCCATA-3′) as previously described (Zheng

et al., 2015).

2.2 Antimicrobial susceptibility testing

The minimum inhibitory concentrations (MICs) of 11 antimicro-

bial agents (amikacin, cefotaxime, ceftazidime, ciprofloxacin, col-

istin, florfenicol, gentamicin, meropenem, tetracycline, tigecycline

and trimethoprim-sulfamethoxazole) were assessed by agar dilution

method according to the American Clinical and Laboratory Standards

(CLSI) (CLSI, 2020). E. coli ATCC 25922 was used as a quality control

strain as recommended.

2.3 Genomes sequencing and bioinformatic
analysis

Whole genomic DNAwas extracted from fresh ESBLs-EC strains using

TIANamp Bacteria DNA Kit (Tiangen Biotech Company). The DNA

libraries were constructed using a KAPAHyper Prep Kit (Roche, Basel,

Switzerland) and 150 bp paired-end reads were sequenced using an

Illumina HISEQ XTen platform (Illumina) (Annoroad, Beijing, China).

Reads were de novo assembled using Spades 3.14 (Bankevich et al.,

2012), and fasta files uploaded to the Centre for Genomic Epidemi-

ology (CGE) for screening for antimicrobial resistance genes, plasmid
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TABLE 1 Theminimum inhibitory concentration of 23 ESBLs-EC strains

Strains Origin CTX-M type MLST

Antimicrobial agents (mg/L)a

CS FFC GEN CTX MEM STX AMK CIP TET CAZ TGC

20p07tr Gibbonmonkey blaCTX-M-55 ST48 1 8 <0.125 32 0.03 <0.25 1 64 128 4 0.06

20p11tr Phoenicopteridae blaCTX-M-121 ST12219 0.5 8 <0.125 8 0.015 32 1 32 64 0.5 0.06

20p21tr Squirrel monkey blaCTX-M-55 ST4162 0.125 <0.25 64 32 0.015 2 2 0.06 128 4 0.5

20p22tr Squirrel monkey blaCTX-M-27 ST10 0.125 4 0.25 8 0.03 <0.25 2 0.06 128 1 0.5

20p28tr Squirrel monkey blaCTX-M-121 ST12218 0.5 2 0.25 32 0.015 32 1 2 32 4 0.25

20p34tr Squirrel monkey blaCTX-M-55 ST746 <0.062 <0.25 0.5 16 <0.004 32 1 1 32 2 0.25

20p35tr Squirrel monkey blaCTX-M-27 ST6775 0.125 4 <0.125 32 0.03 0.25 1 0.015 0.5 4 0.25

20p56tr Black hat hanging

monkey

blaCTX-M-121 ST744 0.5 4 0.5 16 0.03 32 1 128 64 2 0.06

20p62tw Black hat hanging

monkey

blaCTX-M-27 ST2169 0.5 8 0.25 4 0.03 <0.25 2 2 64 0.5 0.03

20p69tr Swan blaCTX-M-55 ST6018 1 >128 <0.125 4 0.03 32 1 2 64 1 0.25

20p72tr Swan blaCTX-M-55 ST6050 0.125 32 16 32 0.015 64 1 32 128 8 2

20p74tr Swan blaCTX-M-14 ST10 0.5 8 0.25 8 0.015 32 4 32 64 0.5 0.5

20P78tr Swan blaCTX-M-14 ST746 <0.062 8 <0.125 16 0.015 32 1 4 128 0.5 0.5

20p79tr Swan blaCTX-M-121 ST162 1 >128 4 16 0.03 32 2 128 64 0.5 1

20p80tr Swan blaCTX-M-27 ST165 0.5 4 0.25 8 0.03 <0.25 1 64 64 2 0.25

20p81tr Swan blaCTX-M-15 ST616 0.5 <0.25 <0.125 4 0.015 32 1 2 32 0.5 0.25

20p83tr Swan blaCTX-M-55 ST6050 0.5 4 0.25 8 0.03 32 1 2 64 8 2

20p84tr Swan blaCTX-M-55 ST48 0.125 >128 <0.125 32 0.03 32 2 128 128 4 0.25

20p85tr Swan blaCTX-M-55 ST48 0.5 >128 <0.125 32 0.03 32 1 128 64 4 0.25

20p86tr Swan blaCTX-M-15 ST616 0.125 4 0.25 16 0.015 32 4 2 32 0.5 0.5

20p87tr Swan blaCTX-M-15 ST616 0.5 4 <0.125 4 0.015 32 1 2 128 0.5 0.125

20p88tr Swan blaCTX-M-14 ST746 0.125 4 0.25 8 0.03 0.5 2 4 64 1 0.25

20p89tr Swan blaCTX-M-27 ST1202 0.5 >128 32 64 0.03 32 2 64 128 8 0.25

aAbbreviations and resistance breakpoints: CS: colistin (R > 2 mg/L), FFC: florfenicol (R > 16 mg/L), GEN: gentamicin (R > 4 mg/L), CTX: cefotaxime

(R > 2 mg/L), MEM: meropenem (R > 8 mg/L), SXT: trimethoprim-sulfamethoxazole (R > 4 mg/L), AMK: amikacin (R > 16 mg/L), CIP: ciprofloxacin

(R> 1mg/L), TET: tetracycline (R≥ 16mg/L), CAZ: ceftazidime (R> 4mg/L), TGC: tigecycline (R> 4mg/L). Bold formatting indicates resistance to the respec-

tive antimicrobial agents.

replicon and multilocus sequence typing (MLST) (http://www.

genomicepidemiology.org/services/). E. coli phylogenetic groups

were determined by ClermonTyping scheme (Beghain et al., 2018).

All draft genomes were used for constructing a phylogenetic tree

using Parsnp (Todd J Treangen et al., 2014), and the result was finally

visualised using the online tool iTOL (Letunic & Bork, 2019).

3 RESULTS

3.1 Isolation of ESBLs-EC

Atotal of 46cefotaxime-resistant strainswere isolated from93wildlife

animal faecal samples, of 23 strains, from swan (n = 14), squirrel mon-

key (n=5), black hat hangingmonkey (n=2), gibbonmonkey (n=1) and

phoenicopteridae (n = 1), were identified as E. coli by 16S rRNA gene

sequencing. All 23 ESBLs-EC strains carried blaCTX-M gene.

3.2 Antimicrobial susceptibility profiles

All ESBLs-EC have resistance to cefotaxime (100.0%), tetracycline

(95.7%), ciprofloxacin (82.6%) and trimethoprim-sulfamethoxazole

(69.6%) (Tables 1 and 2). Mild resistance was observed against flor-

fenicol (26.0%), gentamicin (13.1%) and ceftazidime (13.0%).No strains

showed resistance to colistin, tigecycline, meropenem and amikacin.

3.3 Molecular typing and antimicrobial resistance
genes

Phylogenetic analysis showed that these ESBLs-EC strains from zoo

animals samples have belonged to phylogroup A (60.9%, 14/23), phy-

logroup B1 (34.8%, 8/23) and phylogroup F (4.3%, 1/23). The first two

phylogroups (A/B1)mostly belonged to commensalE. coli, whichmainly

harboured enterobactin (fes, entB, entC, entE, fepABCD) responsible for

http://www.genomicepidemiology.org/services/
http://www.genomicepidemiology.org/services/
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TABLE 2 Antimicrobial susceptibility profiles of blaCTX-M-positive E. coli strains (n= 23)

Antimicrobial

MIC50

(mg/L)

MIC90

(mg/L) Range (mg/L) R% I% S%

CS 0.5 1 <0.062–1 0.0% 0.0% 100.0%

FFC 4 >128 <0.25-> 128 26.0% 0.0% 74.0%

GEN 0.25 32 <0.125–64 13.1% 4.3% 82.6%

CTX 16 32 4–64 100.0% 0.0% 0.0%

MEM 0.015 0.03 <0.004–0.08 0.0% 0.0% 100.0%

SXT 32 32 <0.25–64 69.6% 0.0% 30.4%

AMK 1 2 1–4 0.0% 0.0% 100.0%

CIP 2 128 0.015–128 82.6% 4.3% 13.1%

TET 64 128 0.5–128 95.7% 0.0% 4.3%

CAZ 2 8 0.5–8 13.0% 39.1% 47.9%

TGC 0.25 1 0.06–2 0.0% 8.7% 91.3%

CS: colistin, FFC: florfenicol, GEN: gentamicin, CTX: cefotaxime,MEM:meropenem, SXT: trimethoprim-sulfamethoxazole, AMK: amikacin, CIP: ciprofloxacin,

TET: tetracycline, CAZ: ceftazidime, TGC: tigecycline; R: resistance, I: intermediary, S: susceptible.

F IGURE 1 Phylogenetic tree and distribution of ESBLs-ECmultilocus sequencing types, Clermont typing and antimicrobial resistance genes
from zoowildlife. The sources of the strains are differentiated by colour. Antimicrobial resistance genes are denoted by filled squares for presence
and empty squares for absence

ironuptake (Figure S1), and fewstrains relating to causinghuman infec-

tions (Sauget et al., 2014). However, hypervirulent phylogroup F E.

coli, which was more frequently associated with human extraintesti-

nal pathogenic E. coli pathotypes, exhibiting zoonotic potential which

could cause multiple diseases in animal models of avian colibacillosis

and human infections (Zhuge et al., 2021), was isolated from a squir-

rel monkey, carrying Type III secretion system (escD, escF etc.) con-

tributing to infect the human gut (Slater et al., 2018). Fifteen differ-

ent STs (Figure 1)were detected among the 23 ESBLs-EC strains. ST48,

ST746 and ST616 (3 strains respectively, 13.0%) were major ST types,

followed by ST10 (2 strains; 8.7%) and ST6050 (2 strains; 8.7%). By

submitting to EnteroBase (https://enterobase.warwick.ac.uk/species/

index/ecoli), two novel STs (ST12218 and ST12219) were deter-

mined in squirrel monkey and phoenicopteridae. All strains carried

one of β-lactam resistance genes including blaCTX-M-55 (34.8%, 8/23),

blaCTX-M-14 (26.0%, 6/23), blaCTX-M-15 (13.0%, 3/23) and blaCTX-M-27

https://enterobase.warwick.ac.uk/species/index/ecoli
https://enterobase.warwick.ac.uk/species/index/ecoli
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(21.7%, 5/23) blaCTX-M-121 (4.3%, 1/23) (Figure 1). The most abundant

drug resistance gene in all strains was multidrug efflux transporter

gene mdf(A) (100.0%, 23/23) and tetracycline resistance gene tet(A)

(78.3%, 18/23), following by the trimethoprim resistance gene drfA14

(39.1%, 9/23), the aminoglycoside resistance gene ant(3′’)-like (43.5%,
10/23), aph(6)-Id (39.1%, 9/23) and aph(4)-Ia (4.3%, 1/23). Notably,

rifampicin resistance gene arr-3 (4.3%, 1/23), β-lactam resistance gene

blaOXA-10 (4.3%, 1/23), phenicol resistance gene cmlA1 (4.3%, 1/23) and

sulphonamide resistance gene sul2 (4.3%, 1/23) were also detected in

ESBLs-EC strains. By plasmid replicon analysis, Incp0111 (7/23, 30.4%)

and ColRNAI (6/23, 26.1%) were the most common plasmid repli-

con types, followed by IncFIB (5/23, 21.8%), IncHI1B (4/23, 17.4%),

Col440I (3/23, 13.0%) and IncFIB(K) (3/23,13.0%).

3.4 Phylogenetic tree of ESBLs-EC

The core genome-based single nucleotide polymorphism (SNP) anal-

ysis showed that all ESBLs-EC strains share a total of 173,734 SNPs

site and the SNPs between the two strains were from 0 to 122,296 bp.

Furthermore, the core-genome SNP phylogenetic tree suggested

that the ESBLs-EC strains from swan have three clone group (sample

number: 20p72tr & 20p83tr, 20p84tr & 20p85tr, 20p81tr & 20p86tr &

20p87tr) (Figure 1). In addition, strains from swan, distributed all over

the phylogenetic tree (Figure 1), have a closer genetic relationshipwith

strains from the rest four kinds of animals (black hat hanging monkey,

gibbonmonkey, phoenicopteridae and squirrel monkey) (Figure 1).

4 DISCUSSION

In our study, all ESBLs-EC strains presented resistance to a third-

generation cephalosporin (cefotaxime), also exhibited resistance to

other important antimicrobials including ciprofloxacin, trimethoprim-

sulfamethoxazole and tetracycline. We found that oxytetracycline

was used in the treatment of swans’ diarrhoea 6 months ago, which

shows that antimicrobial treatment may be a risk factor for faeces

shedding of ESBL producers in zoos (Shnaiderman-Torban et al.,

2019). When antimicrobial drugs are used in large quantities, most

of these will enter the ecosystem as metabolites, affecting the nor-

mal activities of plants, animals and microorganisms, and ultimately

posing a threat to public health and human health, so it should reduce

the use of antimicrobials when treating animals (Kluytmans et al.,

2013).

All 23 ESBLs-EC strains contained multiple antimicrobial resis-

tance genes in this study. The blaCTX-M-55 and blaCTX-M-15 genes were

found among the 11 strains. Interestingly, blaCTX-M-55 is a variant of

blaCTX-M-15 by differing in one nucleotide at position 239 resulting in

A77V being identified (Hayashi et al., 2018). The blaCTX-M-55 was the

majority of CTX-M gene in ESBLs-EC, followed by blaCTX-M-14. How-

ever, blaCTX-M-14 was among animal ESBL producers in China and other

Asian countries (Zhang et al., 2014), which suggested that blaCTX-M-55

may turn into themain CTX-M gene in Chinese zoowildlife.

ESBLs-EC, from swans and squirrel monkey, gibbon monkey, have

the same ST (ST746, ST10 and ST48). Further, ESBLs-EC from swans

showed a closer genetic relationship with strains from other ani-

mals (black hat hangingmonkey, gibbonmonkey, phoenicopteridae and

squirrel monkey). These suggested that the transmission of CTX-M

type ESBLs-EC have occurred between animals inwildlife zoo. Besides,

eight CTX-M-55-producing E.coli were detected from three types of

wildlife (swans, gibbon monkey and squirrel monkey) located in con-

jugative IncX1 (2/8, 25.0%) and IncX2 (1/8, 12.5%) (Guo et al., 2019),

which suggested antimicrobial resistance genes could migrate into

other pathogenic bacteria via various mobile genetic elements such as

plasmids, transposons and integrons, posing a potential threat to public

healthwhenhuman contactwithwildlife in the zoo (Furlan et al., 2020).

Besides, CTX-M-55-producing E. coliwas detected from three types of

wildlife (swans, gibbonmonkey and squirrel monkey), which suggested

antimicrobial resistance genes could migrate into other pathogenic

bacteria via various mobile genetic elements such as plasmids, trans-

posons and integrons, posing a potential threat to public health when

human contact with wildlife in zoo (Furlan et al., 2020).

5 CONCLUSION

Our study provided further evidence of the prevalence of ESBLs-EC in

wildlife zoo and expanded our knowledge of ESBLs-EC from wildlife

animals from the zoo. The present study reveals a high prevalence of

CTX-M type ESBLs from a variety of animals in a wildlife zoo. It will

be a potentially serious threat to public health when humans were

exposed to zoo wildlife with pathogenic potential multidrug-resistant

E. coli, such as CTX-M. In summary, more measures must be imple-

mented in the zoo tominimise the risk topublic health, such as reducing

the dissemination/contamination of antimicrobial resistant bacteria in

the zoo’s veterinary clinics andmore disinfection for visitors.
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