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Abstract

The role of petting zoo animals in the dissemination of disease has been widely studied, yet
understanding the potential reservoir of antimicrobial resistance (AMR) in these centres
has not been explored in the United Kingdom (UK). To understand the carriage of AMR
pathogens within petting zoos, this study aimed to identify AMR in E. coli and Staphylococ-
cus intermedius group (SIG) isolated from faeces and skin, respectively, including selective
cultures for ESBL-E. coli and methicillin-resistant staphylococci. Faecal samples and skin
swabs were collected from 166 petted mammals across eight UK centres to recover E. coli
and coagulase-positive staphylococci (CoPS), respectively, through enrichment culture
methods, plating onto non-selective (tryptone bile-x agar, mannitol salt agar) and selec-
tive media (ESBL ChromID, mannitol salt agar with 6 mg/L oxacillin). Antimicrobial
susceptibility was assessed using Kirby-Bauer disc diffusion, covering eight classes of
antimicrobials. Antimicrobial usage records from the past 12-months were obtained from
7/8 centres. Overall, 145/166 faecal samples yielded 223 E. coli isolates, with an overall
AMR prevalence of 42.6%. Thirteen E. coli isolates (from 8.5% of animals) were classified
as multidrug-resistant. ESBL-producing E. coli were detected in 5/166 faecal samples.
From 166 skin swabs, 84 yielded CoPS isolates, with S. aureus (n = 70), SIG (n = 13) and
S. hyicus (n = 1) identified. Overall, 25.3% of SIG isolates exhibited resistance to at least one
antimicrobial. Antimicrobial usage correlated positively with AMR prevalence for E. coli
(p < 0.001), though was not associated with multidrug-resistance. This study demonstrates
for the first time the presence of AMR within bacteria isolated from UK petting zoo animals,
highlighting this reservoir of AMR bacteria.

Keywords: antimicrobial resistance; Staphylococcus aureus; Staphylococcus pseudintermedius;
Escherichia coli; MRSA; ESBL; petting zoo

1. Introduction
The rise of antimicrobial resistance (AMR) represents a critical challenge for both

human and animal health worldwide. AMR threatens the efficacy of existing antimicrobial
therapies and poses a substantial risk to the success of public health and veterinary inter-
ventions aimed at controlling bacterial infections. The potential for zoonotic transmission
of resistant bacteria underscores the importance of identifying AMR reservoirs in animal
populations that frequently interact with humans, such as those in petting zoos and open
farms. These environments offer a unique interface where human–animal contact is encour-
aged, potentially facilitating the transfer of AMR bacteria. This interaction is an example of
the One Health concept, which emphasises the interconnectedness of human, animal and
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environmental health [1,2]. Of particular concern for spread between human and animal
populations over the last twenty years are extended spectrum beta-lactamase-producing
(ESBL-) Enterobacteriaceae and methicillin-resistant staphylococci [3–5]. These multidrug-
resistant (MDR) pathogens have been implicated in clinical infections in animals but, more
critically to the dissemination and transmission of AMR, they can also be carried as part of
the normal microbiota of the gastrointestinal tract and skin. Understanding the carriage of
MDR organisms and AMR more generally is imperative to discerning and then mitigating
the risk of AMR transmission.

ESBL-producing Enterobacteriaceae, such as Escherichia coli, are listed by the U.S. Cen-
ter for Disease Control and Prevention amongst the serious threats to human health [6] and
have been frequently identified in domestic animals and livestock [7–9]. ESBL-producing
organisms demonstrate resistance to penicillins, cephalosporins (including third generation)
and aztreonam [10]. These are also commonly MDR, defined as possessing resistance to at
least three classes of antimicrobials [11], usually encompassing tetracyclines, trimethoprim-
sulphonamide and fluoroquinolones, amongst other antimicrobial classes. As the genes
responsible for ESBLs are often located on plasmids, they can spread amongst bacteria via
horizontal gene transfer [12], increasing the risk of resistance dissemination. This ability to
transfer resistance complicates infection control efforts, as even non-pathogenic bacteria
carrying ESBL genes can act as reservoirs for resistance [13]. Animals colonised with ESBL-
producing E. coli may not exhibit clinical signs of infection, allowing these resistant strains
to persist undetected within petting zoo environments. Humans can be exposed to zoonotic
pathogens through oro–faecal transmission after direct interaction with animals or through
contaminated surfaces and fomites [14], posing a particular risk to the young, elderly
or immunocompromised [15]. In other situations involving close human–animal contact
(pet-owning households, livestock workers), transmission of ESBL-producing E. coli and
other MDR pathogens has been demonstrated [16,17]. Additionally, visitors to petting zoos
frequently demonstrate high risk behaviours enabling transmission, such as touching their
face or consuming food/beverages without washing their hands after interacting with the
animals [18]. While legal requirements mandate that handwashing facilities be provided
in these settings, they are often underutilised by visitors, reducing their effectiveness in
preventing pathogen transmission [19,20]. Despite confirmation of the transmission of
zoonotic pathogens in petting zoos in the United Kingdom (UK) [21,22], AMR prevalence
has not been explored. Therefore, potential human exposure to AMR within UK petting
zoos, particularly given the reported high-risk behaviours exhibited by visitors, warrants
further exploration.

The presence of AMR in E. coli derived from zoo animals has been explored by
some authors. In a Belgian zoo, De Witte et al. [2] found that 37% (n = 14/38) of the
sampled zoo mammals showed faecal carriage of ESBL-producing Enterobacteriaceae, with
other studies reporting rates of 11–32% ESBL-producing Enterobacteriaceae carriage for
zoo animals in Japan, China and the Czech Republic [23–26]. Zoos house a variety of
animals, including wild and exotic species, which visitors typically observe from a distance.
However, petting zoos are organisations specifically designed for the direct interaction of
the public with domesticated or tame animals. AMR has been identified in petting zoos
in other countries, with a prevalence of ESBL-producing E. coli in animal faecal samples
found to be between 2 and 23.9% in Switzerland (n = 4/163), Canada (n = 21/88) and Israel
(n = 28/228) [27–29]. However, there has been no exploration of AMR within petting zoo
animals in the United Kingdom to date.

Methicillin-resistant Staphylococcus aureus (MRSA) and methicillin-resistant Staphylo-
coccus pseudintermedius (MRSP) are also significant MDR pathogens in human and veteri-
nary medicine, which are resistant to most or all veterinary-licensed antimicrobials [30].
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MRSA has been identified in companion animals and livestock, causing skin infections
and post-surgical complications [31,32]. Conversely, MRSP is primarily a canine-associated
pathogen, where it is an important cause of pyoderma [32,33], and long-term carriage has
been reported in dogs following resolution of clinical infection [34,35]. Similarly, carriage of
MRSA has also been documented in various animal populations, including livestock [32].
Staphylococcus pseudintermedius forms one part of the Staphylococcus intermedius group (SIG)
alongside S. intermedius and S. delphini; staphylococci of the SIG group have been detected
in clinical infections and carried on the skin and mucosa of numerous other animal species
such as cats, pigeons, mink, horses and humans [36]. The complex dynamics of staphylo-
coccal species as transient or resident commensals and opportunistic pathogens between
different animal and human hosts is further compounded by description of their ability to
share genetic material [37]. Carriage of MDR-staphylococci, therefore, poses a risk for both
inter- and cross-species transmission of bacterial isolates and AMR genes, especially where
human–animal contact is frequent [38–40]. However, the presence of MDR-staphylococci
in petting zoos has been scarcely explored [27,28,41].

To understand carriage of AMR pathogens within petting zoos, this study aimed to
identify AMR in E. coli and SIG, including selective culture for ESBL-E. coli and methicillin-
resistant staphylococci, isolated from animal faeces and skin, respectively.

2. Materials and Methods
Ethical approval for this study was awarded by the Clinical Research Ethical Review

Board at the Royal Veterinary College (URN 2024 2331-A) and received support from the
British and Irish Association of Zoos and Aquariums (BIAZA). Petting zoos were included
in this study upon providing signed informed consent. For this study, a petting zoo was
defined as a facility where members of the public can directly interact with domesticated
or semi-domesticated animals. Interaction could include any petting, handling or feeding
of animals. Where centres also housed animals not available for interaction with the public,
only those available to interact were included in this study. Only mammals were sampled;
reptiles and avian species were not included. Mammals were selected opportunistically
at the time of sampling, with no specific selection criteria other than their role in human
interactions. All available animals were sampled irrespective of age or sex.

Centres were asked to provide records of antimicrobial usage (AMU) in their animals
over the previous 12 months. Records could be provided in the form of medicine logbooks
or veterinary records. All received records underwent manual review to include only those
related to the animal population under study (petting animals), to eliminate antimicrobials
not given via systemic administration and to extract data pertaining to antimicrobial
class/drug used and the animal species treated. AMU data was categorised at the centre-
level to document the number of antimicrobial classes used in the 12-month period and
number of individual episodes of use. Episodes were defined as use of (1) a single class
of antimicrobial, (2) of any dose, (3) whereby there was less than the expected duration of
activity between that dose and the next, as defined by the product datasheet (i.e., continuous
dosing).

A single sterile charcoal transport swab was rolled on the animal’s skin across multiple
sites (head, neck, dorsum, muzzle, nares and buccal mucosa inside the lip, on the outside
of the teeth) [42]. In those with a dense fur coat, the swab was positioned as close to the
skin as possible before rolling. Faecal samples were collected from each animal group’s
enclosure floor before daily cleaning. Faecal samples were frozen at −80 ◦C, and skin swabs
were immediately processed on receipt at the laboratory (following up to one week at 4 ◦C
where necessary). Samples were primarily collected by the researcher. In instances where
this was not possible, petting zoo staff were provided with written instructions, sampling
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materials and transport boxes to enable immediate collection. Samples were then shipped
by mail courier directly to the laboratory for analysis and processed on the day of receipt.

For each faecal sample, 1 g of faeces was enriched into 9 mL peptone water (PW;
CM0009, Oxoid, Basingstoke, UK) or a corresponding 1:10 faeces (g)/peptone water (mL)
where there was less than 1 g of faeces available, and this was incubated at 37 ◦C for
24 h [43]. Skin swabs were enriched in tryptone soy broth with 10% NaCl (TSB+; CM0129,
Oxoid) for 24–48 h at 37 ◦C, until turbidity was noted [42]. For the detection of E. coli,
inoculated PW (25 µL) was streaked onto both Tryptone Bile X-glucuronide agar (TBX;
CM0945, Oxoid) and ChromID ESBL agar (ChromID; BioMérieux, Basingstoke, UK) and
incubated at 37 ◦C for 24 h. For the detection of Staphylococcus spp., inoculated TSB+ (25 µL)
was streaked onto both mannitol salt agar (MSA; CM0085, Oxoid) and MSA supplemented
with 6 mg/L oxacillin (MSA+) and incubated at 37 ◦C for 24–48 h. All morphologically
distinct, presumptive E. coli or staphylococcal colonies were subcultured onto 5% sheep
blood agar (CM0854; Oxoid) and incubated at 37 ◦C for 24 h. Where multiple morphologies
on a plate resembled that expected for the bacterial species of interest, each individual
morphology was subcultured.

Characteristic colony morphology on 5% sheep blood agar, combined with biochemical
testing (catalase-positive, indole-positive and citrate-negative), was used to phenotypically
confirm E. coli. Suspected ESBL-E. coli were further confirmed using MALDI-TOF (VITEK-
MS, BioMerieux).

Similarly, coagulase-positive staphylococci were identified through characteristic
morphology, differentiated through biochemical testing (catalase-positive, DNAse-positive,
Voges–Proskauer [VP]-positive S. aureus or VP-negative SIG). For further confirmation
of staphylococcal species, end-point PCR following DNA extraction (boil lysis) [43] was
used, including previously described primers and PCR conditions for S. aureus protein A
(spa) [44] or SIG thermonuclease (nuc) [45]. Where genotype did not match the predicted
phenotype, MALDI-TOF was used for final CoPS species identification.

Antimicrobial susceptibility testing (AST) used Kirby–Bauer disc diffusion, following
Clinical and Laboratory Standards Institute (CLSI) methods [46]. Isolates were tested
against eight antimicrobial classes. For E. coli, ampicillin (10 µg), amoxicillin/clavulanic
acid (20/10 µg), cefotaxime or ceftazidime (30 µg), chloramphenicol (30 µg), enrofloxacin
(5 µg), gentamicin (10 µg), tetracycline (30 µg) and trimethoprim/sulfamethoxazole (TMPS;
1.25/23.75 µg) were tested (all disks Oxoid). For CoPS, benzylpenicillin (10 µg), ce-
foxitin (S. aureus only; 30 µg), oxacillin (SIG only; 1 µg), chloramphenicol (30 µg), en-
rofloxacin (5 µg), erythromycin (15 µg), gentamicin (10 µg), tetracycline (30 µg) and TMPS
(1.25/23.75 µg) were tested (all disks Oxoid). Zones of inhibition were interpreted using
CLSI-VET01S clinical breakpoints (enrofloxacin, gentamicin, oxacillin, tetracycline and chlo-
ramphenicol) [47] or CLSI-M100 breakpoints (for all others) [48]. For all isolates cultured
from ESBL ChromID, confirmation of ESBL or Ampicillinase C (AmpC) phenotype was per-
formed using a commercial disk test (D72C, Mast Group, Bootle, UK), as per manufacturer
guidelines.

For analysis, ‘intermediate’ interpretation of AST was grouped with ‘resistant’ as
‘non-susceptible’, and MDR was defined as resistance to three or more antimicrobial classes
tested [11]. AMR prevalence was calculated from isolates cultured through non-MDR
selective agar. A Shapiro–Wilk test assessed normality of distribution, with statistical
significance at p ≤ 0.05. All statistical tests were performed in GraphPad Prism version
10.2.3 (GraphPad Software, Boston, MA, USA, www.graphpad.com). Mann–Whitney U
compared CoPS recovery data between the swabs collected by the researcher and those
collected by petting zoo staff.

www.graphpad.com
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Logistic regression was performed using R (version 4.2.3; RStudio, 2025.05.1+513) to
model the prevalence of AMR or MDR in E. coli isolates based on categorical predictor
values of centre and host animal species. The model was assessed using likelihood ratio
tests, with significance at p ≤ 0.05. Furthermore, logistic regression was also used to model
the impact of number of AMU episodes and number of antimicrobial classes used at the
centre level on AMR and MDR in E. coli isolates. Significance of the predictors was assessed
using Wald chi-square tests.

3. Results
Eight petting zoos representing four regions of the UK were enrolled (Figure 1). Paired

skin swabs and faecal samples were collected from 166 animals across the eight centres
(Table 1).

 

Figure 1. Map of the United Kingdom, with counties highlighted indicating the locations and
numbers representing the total number of recruited petting zoos originating from the indicated
county.
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Table 1. Animal species sampled (skin swabs and faecal samples) from eight petting zoos in the
United Kingdom (n = 166).

Animal Species Common Name Number Sampled Number of Different
Centres Represented

Bos taurus Cattle 31 2

Capra hircus Goat 26 5

Cavia porcellus Guinea Pig 6 3

Equus asinus Donkey 7 4

Equus caballus Horse/Pony 15 5

Hydrochoerus
hydrochaeris Capybara 3 1

Mustela furo Ferret 6 2

Oryctolagus
cuniculus Rabbit 14 4

Ovis aries Sheep 9 3

Rangifer tarandus Reindeer 2 1

Suricata suricatta Meerkat 7 1

Sus domesticus Pig 12 5

Varecia rubra Red Ruffed
Lemur 3 1

Vicugna pacos Alpaca 25 4

Total 166

3.1. Antimicrobial Resistance from Non-MDR-Selective Culture

From TBX agar, 223 E. coli isolates were recovered from 145/166 faecal samples (87%).
Of those samples that recovered E. coli, 49% (n = 71/145) yielded a single morphologi-
cally distinct colony type, 48% (n = 69/145) produced two distinct morphologies, and 3%
(n = 5/145) produced three.

The prevalence of AMR in E. coli was 42.6% (n = 95/223), encompassing non-
susceptibility (intermediate or resistant) to ampicillin (n = 78, 34.8%); chloramphenicol
(n = 19, 8.5%); enrofloxacin (n = 17, 7.6%); gentamicin (n = 16, 7.1%); amoxicillin-clavulanic
acid (n = 15, 6.7%); tetracycline (n = 10, 4.5%); TMPS (n = 9; 4.0%); and third-generation
cephalosporins (n = 1, 0.4%; ceftazidime) (Table 2). MDR prevalence within E. coli was 8.5%
(Table 2).

From 166 skin swabs, n= 54 (33%) yielded CoPS on MSA. Of the 54 skin swabs yielding
CoPS, 56% (n = 30/54) yielded one colony morphologically typical of CoPS, 35% (n = 19/54)
yielded two morphologies, 7% (n = 4/54) yielded three, and 2% (n = 1/54) yielded four,
giving a total of 84 CoPS isolates. CoPS were detected in the swabs from 54 animals,
including goats (n = 20), alpacas (n = 12), sheep (n = 6), meerkats (n = 6), cows (n = 3),
capybaras (n = 3), donkeys (n = 2), horses (n = 1) and pigs (n = 1) (Supplementary Table S1).
Recovery rates of CoPS from skin swabs differed significantly between the samples collected
by the researcher (45%) and those collected by petting zoo staff (14%) (p = 0.03) (Figure 2)
(Supplementary Table S1).
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Table 2. Antimicrobial resistance profiles following disk diffusion susceptibility testing of 223 Es-
cherichia coli isolated from faeces of petting zoo animals (n = 166) in the United Kingdom.

Number of E. coli (Total n = 223) %

No Resistance 128 57.1

Single Resistance 54 24.1

Ampicillin (AMP) 42
Amoxicillin-clavulanic acid (AMC) 1
Chloramphenicol (C) 5
Gentamicin (CN) 5
Enrofloxacin (ENR) 0
Trimethoprim-sulfamethoxazole (SXT) 0
Tetracycline (TE) 1
3rd Generation Cephalosporins (3GC) 0

Double Resistance 22 9.8

AMP-AMC 2
AMP-C 4
AMP-CN 2
AMP-ENR 5
AMP-SXT 3
AMP-TE 2
C-ENR 1
ENR-TE 1
SXT-TE 2

Multidrug resistance (MDR) 19 8.5

AMP-AMC-C 1
AMP-AMC-CN 3
AMP-AMC-ENR 1
AMP-AMC-SXT 1
AMP-C-ENR 1
AMP-C-SXT 1
AMP-C-TE 1
AMP-ENR-TE 1
AMC-CN-ENR 1
AMP-AMC-C-CN 1
AMP-AMC-C-3GC 1
AMP-AMC-CN-ENR 1
AMP-C-CN-ENR 1
AMP-ENR-SXT-TE 2
AMP-AMC-C-CN-ENR 2

Of the 84 identified CoPS isolates, 70 VP-positive isolates were confirmed as S. aureus;
13 VP-negative CoPS were confirmed as SIG and a single VP-positive, spa-negative isolate
was identified by MALDI-TOF as Staphylococcus hyicus (identified from an alpaca) (Supple-
mentary Table S1). Simultaneous carriage of S. aureus and SIG was found in three animals
(n = 2 alpacas, n = 1 meerkat).
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Figure 2. Recovery of coagulase positive staphylococci from skin swabs of mammals at petting zoos
(n = 166), collected by the researcher (n = 147) versus petting zoo staff (n = 19); * denotes significance
(p ≤ 0.05).

The prevalence of AMR in 83 CoPS isolates (S. aureus and SIG combined) was 25.3%
(n = 21/83) (Table 3). In S. aureus, isolates were resistant to enrofloxacin (n = 7, 10.1%),
tetracycline (n = 10), erythromycin (n = 6, 8.7%) and benzylpenicillin (n = 1, 1.4%) (Table 3).
In SIG, AMR was identified in two isolates: one with resistance to benzylpenicillin (n = 1,
7.7%) alone and the second with an MDR-phenotype displaying resistance to enrofloxacin,
erythromycin and tetracycline (Table 3).

Table 3. Antimicrobial resistance profiles following disk diffusion susceptibility testing of 83
coagulase-positive staphylococci (n = 70 Staphylococcus aureus, n = 13 Staphylococcus intermedius
group) isolated from skin swabs of petting zoo animals (n = 166) in the United Kingdom.

Staphylococcus
aureus % Staphylococcus

intermedius Group (SIG) %

No Resistance 51 72.9 11 84.6

Single Resistance 14 20.0 1 7.7

Benzylpenicillin (P) 1 1
Cefoxitin (FOX) 0 N/A
Oxacillin (OX) N/A 0
Enrofloxacin (ENR) 3 0
Erythromycin (E) 2 0
Chloramphenicol (C) 0 0
Gentamicin (CN) 0 0
Trimethoprim Sulfamethoxazole (SXT) 0 0
Tetracycline (TE) 8 0

Double Resistance 5 7.1 0 0

ENR-E 3 0
ENR-TE 1 0
E-TE 1 0

Multidrug Resistance (MDR) 0 0 1 7.7

ENR-E-TE 0 1
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3.2. ESBL-Producing E. coli, MRSA and MRSP

Of 166 faecal samples, five yielded ESBL-producing E. coli (3%), isolated from ChromID
(n = 3 pigs, n = 2 goats, across three different centres). All were confirmed as ESBL-producers
through commercial disk testing and so were considered resistant to ampicillin and first to
third generation cephalosporins; all were MDR (Table 4). No MRSA or MRSP were detected
through selective culture on MSA+.

3.3. Effect of Centre and Animal Species on AMR and MDR in E. coli

Logistic regression analyses revealed that both centre and host animal species were
highly significant predictors of AMR and MDR at the E. coli isolate level. Likelihood
ratio tests (LRTs) comparing null models to models including each predictor indepen-
dently indicated a significant improvement in model fit for both centre (AMR: χ2 = 159.34,
p < 2.2 × 10−16; MDR: χ2 = 70.32, p = 3.52 × 10−13) and animal species (AMR: χ2 = 559.93,
p < 2.2 × 10−16; MDR: χ2 = 224.69, p < 2.2 × 10−16). When included together, both predic-
tors retained significant effects (all p < 2.2 × 10−16), indicating independent contributions
to AMR and MDR risk.

3.4. Effect of Antimicrobial Use on AMR and MDR Prevalence in E. coli

Data on antimicrobial use was received from 7/8 centres. Four centres had no an-
timicrobial use documented in the preceding 12 months. In the other three centres, three
classes of systemic antimicrobial were used in the preceding 12 months, encompassing
tetracyclines (n = 2 centres), aminopenicillins (n = 1 centre), potentiated aminopenicillins
(n = 1 centre) and potentiated sulphonamides (n = 1 centre). In a single centre, there were
22 episodes of antimicrobial use in the preceding 12 months in 20 different animals; for
the other 2 centres, a single episode of antimicrobial use was recorded in each centre,
respectively.

At the centre level, individual logistic regression models demonstrated that both the
number of AMU episodes and the number of antimicrobial classes used were significantly
associated with resistance prevalence. Each additional AMU episode was associated
with a 10.7% increase in the odds of resistance (β = 0.102, OR = 1.11, p < 0.001), while
each additional antimicrobial class doubled the odds of resistance (β = 0.702, OR = 2.02,
p < 0.001). In contrast, neither predictor was significantly associated with MDR prevalence
when considered individually. In a combined model including both AMU episodes and
antimicrobial classes, neither predictor remained statistically significant to predict centre-
level AMR or MDR prevalence, despite clear associations in the univariable analyses. This
attenuation is likely due to strong collinearity between the two predictors, as evidenced by
a Pearson correlation coefficient of r = 0.96.
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Table 4. Antimicrobial resistance profiles following disk diffusion susceptibility testing of 5 extended-spectrum beta-lactamase-producing (ESBL-) Escherichia coli
isolated from faeces of petting zoo animals (n = 166) in the United Kingdom.

Animal Species
Originating from Centre Ampicillin Amoxicillin-

Clavulanic Acid
3rd Generation
Cephalosporins Chloramphenicol Gentamicin Enrofloxacin Trimethoprim-

Sulphamethoxazole Tetracycline

Pig
A R S R S S R S S
A R S R S S R S S
B R S R S S R R R

Goat C R S R S R S S S
C R R R S R S S S
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4. Discussion
This study represents the first multi-centric exploration of AMR prevalence in UK

petting zoos. The detection of AMR, especially the detection of clinically significant ESBL-
E. coli, in this population of animals underscores the importance of considering all animals
in risk analysis for potential bi-directional sharing of AMR between host species.

Prevalence of AMR in E. coli isolates was 42.4%, comparable to that seen previously in
petting zoo animals’ faeces, where AMR prevalence ranged from 6 to 83%, depending on
the species sampled, with a 22% prevalence overall [27]. In the current study, ampicillin was
the most frequent antimicrobial to which E. coli were resistant (34.8%). This finding aligns
with previous studies in livestock and companion animals, where beta-lactam resistance is
widespread due to the frequent use of penicillins [49,50], and where ampicillin resistance
has been most frequently implicated in pigs, cattle and sheep in the UK (30–73%) [51].
Similarly, in Canadian petting zoo animals, resistance to ampicillin was seen commonly,
although tetracycline resistance was more prevalent in that population, potentially relating
to geographical differences in antimicrobial use in animal populations [27]. The resistance to
second-line antimicrobials, notably enrofloxacin (7.6%) and gentamicin (7.1%), observed in
this study, despite no record of use of these antimicrobial classes in the preceding 12 months,
is notable. In particular, enrofloxacin resistance was always associated with other drug
resistances, highlighting the potential for inadvertent selection of fluoroquinolone resistance
when using first-line antimicrobials, which could propagate key AMR profiles without
direct selection pressure.

4.1. MDR E. coli: Prevalence, Diversity and Implications

While MDR was relatively uncommon, its presence in E. coli isolates derived from
half of the participating centres indicates the risk of emerging resistance in petting zoos.
The diversity of MDR profiles suggests the circulation of multiple resistant strains or the
acquisition of resistance genes through horizontal gene transfer [52,53]. The detection
of 8.5% MDR E. coli in this study was at the lower end of rates reported previously in
livestock populations across other countries (8–15%) [49,50,54]. This low prevalence may
reflect differences in antimicrobial usage in livestock [55], where it is more frequently
employed for herd-level metaphylaxis, as compared to petting zoo animals, which are
treated on a more individual-animal basis. The difference in AMR across the different
centres and host animal species within this study may also highlight the importance that
provenance of the animals in petting zoos can have on the presence of key AMR profiles.
Many animals in these settings are ex-livestock and thus may have experienced higher
selection pressure for AMR than those species that were rescues or were bred within the
petting zoo itself. While this study examined the point prevalence of AMR, longitudinal
sampling with greater depth of epidemiological evaluation of the animals sampled (e.g.,
origin, >12-month antimicrobial history) could provide deeper insights into the temporal
dynamics and origins of AMR, including the emergence and persistence of MDR. Previous
studies in both animals and humans have demonstrated the value of such approaches in
capturing fluctuations in resistance patterns over time [56,57].

4.2. Patterns of AMU and Resistance

Unlike the current study, Conrad et al. [27] and Isler et al. [28] did not report any AMU
data. However, Shnaiderman-Torban et al. [29] did find a significant association between
AMU and the shedding of ESBL-Enterobacteriaceae in petting zoo animals. Specifically,
the number of antimicrobial classes reportedly used was comparable to that in the cur-
rent study, with an overlap in the use of potentiated sulphonamides, tetracyclines and
amphenicols. However, they reported the use of a greater number of critically important
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antimicrobials (CIAs), including cephalosporins, metronidazole and fluoroquinolones [29],
none of which were used by the centres in the current study. In livestock, similar results
have been found, where a strong correlation has been reported between the use of fluo-
roquinolones, amphenicols, cephalosporins and sulphonamides and AMR [58]. Overall,
it was encouraging to observe low antimicrobial usage across all petting zoos included
in this study. Even among the centres that did report antimicrobial use, no prophylactic
administration was recorded, suggesting that antimicrobials were used only when deemed
necessary for treatment. This trend aligns with responsible antimicrobial stewardship
principles and may help mitigate the risk of resistance development [59].

Both centre and animal species emerged as independent predictors of resistance, likely
reflecting differences in antimicrobial use practices, husbandry and biosecurity policies
across centres, as well as species-level variation in microbiome composition, physiology
and exposure pathways. Together, these findings highlight the multifactorial drivers of
AMR within petting zoo settings. In parallel, our analysis treated the number of antimi-
crobial use episodes and the number of antimicrobial classes as separate predictors to aid
interpretability; however, their strong collinearity raises the possibility of biased estimates
of their individual effects. To address this limitation, future studies could consider alterna-
tive approaches, such as penalised regression (e.g., ridge regression, LASSO) or principal
component analysis, to better account for the interdependence between these variables.

4.3. Global Differences in Prevalence of ESBL-Producing E. coli

The prevalence of ESBL-producing E. coli (3%) in this study is comparable to that
reported across European petting zoos, namely ≤1% in Germany [41] and 2% in Switzer-
land [28], but lower than global ESBL-carriage in these centres (12% in Israel [29], 24% in
Canada [27]). The methods for recovering ESBL-producing E. coli were generally consistent
across studies, with enrichment followed by selective media commonly used, although
the choice of selective agar varied between studies (CHROMagar ESBL, Brilliance ESBL
agar, Biomerieux CHROMID or MacConkey agar supplemented with ceftriaxone, followed
by Tryptic Soy Agar containing ampicillin). However, the performances of these media
have been shown to be comparable [60,61]. However, Göttling et al. [41] collected rectal
swabs instead of faecal samples, which may explain the lower detection of ESBL-producing
species in their study; rectal swabs have been shown to be less sensitive for the recovery
of third-generation cephalosporin-resistant Enterobacterales, compared to enriched faecal
samples [62]. The geographic variation in prevalence across studies may reflect differences
in AMU practices, husbandry and biosecurity between countries. Geographical factors such
as the presence of wildlife reservoirs and regional differences in environmental resistance
may also contribute [63]. Further characterization of the ESBL isolates cultured during
the process of AMR surveillance, through whole genome sequencing, could, in the future,
provide further insight into the transmission dynamics and origins of these MDR pathogens
in petting zoos.

The relatively low prevalence of ESBL-producing E. coli in this study, as seen across
Europe, is encouraging, as it suggests that petting zoos may currently pose a lower risk of
transmitting these key MDR pathogens to visitors compared to other sectors where higher
prevalence is seen. However, even low-level prevalence warrants consideration, as petting
zoos provide frequent opportunities for human–animal interactions, creating a potential
pathway for zoonotic transmission, as has been reported in livestock populations [64].
This is particularly concerning, given the clinical importance of ESBL-producing E. coli
in human and veterinary medicine [65,66]. Consistent with the findings of this study,
ESBL-producing E. coli have also been identified in pigs and goats in previous petting zoo
studies worldwide [27–29,41], indicating potentially higher carriage rates in these species.
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However, to date, no studies have specifically investigated preferential carriage of MDR
pathogens in these animals within petting zoo settings.

4.4. CoPS AMR and Recovery

AMR in CoPS has been scarcely investigated in the petting zoo population. Although
no MDR CoPS isolates were found in this study, the presence of individual resistances
to enrofloxacin and erythromycin (both CIAs) deserves attention [52]. These resistances
highlight the potential for selective pressure in petting zoos, raising concerns about the
spread of AMR and its implications for both animal and public health. Encouragingly,
despite the widespread nature of penicillin resistance [67], AMR was infrequently observed
in the current study.

It was also reassuring to note that no MRSA or MRSP were detected in this study.
Previous studies have explored the presence of MRSA in faecal samples from petting zoo an-
imals [28] and nasal swabs from pigs [27], with the same lack of detection as reported here.
In Germany, one caprine MRSA carrier (n = 1/300) was identified from a skin swab [41].
Their study included a larger number of animals and centres, although focusing solely on
goats, suggesting that larger samples sizes and broader geographic coverage can increase
the likelihood of detecting MRSA. The absence of MRSA/MRSP may reflect genuinely
low prevalence in UK petting zoos or could be due to study limitations, such as low CoPS
recovery from skin swabs. The swabs were stored and processed according to established
protocols [42,68,69]. Furthermore, considering evidence of CoPS carriage in the nares of
people and animals, as well as in the buccal mucosa [70–72], these sites were chosen for
swabbing, and enrichment methods were employed, to maximise the chances of detecting
these bacterial species. The multisite sampling method also follows the recommendation
for the effective recovery of MRSP in dogs [42]. It is also notable that swabbing the oral
cavity and buccal mucosa was intended to account for the possibility of animals licking
visitors’ hands, particularly in settings where feeding was permitted, as a likely route for
bacterial transmission. The lower recovery rate of CoPS from staff-collected compared to
researcher-collected samples underscores the importance of sampling methodology in AMR
surveillance studies. This difference may reflect variation in the confidence and consistency
of sampling techniques, as researchers with greater background knowledge may be more
likely to target anatomical sites where CoPS carriage is concentrated (e.g., buccal mucosa,
nares). While these factors do not invalidate the findings, they may partly explain the
reduced recovery from staff-collected samples and highlight the need for improved instruc-
tion or direct researcher collection in future studies. Ensuring appropriate and consistent
sample collection is crucial for obtaining accurate AMR prevalence data, as inconsistencies
could lead to underestimation of bacterial presence, including MDR organisms such as
MRSA and MRSP. In addition, this study did not include avian or reptile species commonly
found in petting zoos. Consequently, the prevalence and patterns of AMR reported here
may not fully reflect the broader diversity of organisms circulating in these settings. Future
studies incorporating these taxa would provide a more comprehensive understanding of
AMR dynamics across all animals in petting zoo environments.

The recovery of CoPS overall remained notably lower in this study (33%) than the
53–89% recovery rates reported in other domesticated animals [73–76]. This disparity may
be attributed to several factors, including inherent differences in the skin microbiome of
the sampled animals. The composition and diversity of the skin microbiome can vary
between individuals and species, potentially influencing the prevalence of specific bacterial
populations, such as CoPS [77]. Additionally, interactions between CoPS and coagulase-
negative staphylococci (CoNS) may further influence these differences, as CoNS have been
shown to inhibit S. aureus colonisation in people [78,79]. This highlights the dynamic nature
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of the skin microbiome and its impact on recovery of bacterial species. However, as CoNS
can act as reservoirs for mecA and other resistance genes that could then be transmitted to
CoPS [80], broader surveillance through metagenomic methods could highlight key AMR
reservoirs currently not described.

5. Conclusions
Outbreaks of E. coli O157:H7 in petting zoos have been reported worldwide [21,81,82],

along with other pathogens, such as Salmonella spp., Campylobacter spp. and Cryptosporidium
spp. [82]. Cases of zoonotic transmission of bacteria underscore the importance of under-
standing the risk of transmission of AMR bacteria in petting zoo environments. Given the
frequent interactions between humans and animals in petting zoos, including direct contact
with animal faeces, contaminated surfaces and animals themselves, the risk of zoonotic
transmission is elevated [18]; this risk is complicated when AMR bacteria are present. Ad-
ditionally, the potential for horizontal gene transfer within bacterial communities in petting
zoo environments, where diverse animal species interact, could enhance the spread of
AMR among animals [83] and potentially to people in close proximity. The emergence and
spread of AMR pathogens pose a greater threat to vulnerable populations, such as young
children, the elderly and immunocompromised individuals. Effective hygiene practices,
such as handwashing stations and educating the public on the risks of handling animals
are essential to reducing the likelihood of zoonotic transmission of pathogens [84].

This study demonstrates for the first time the presence of AMR E. coli and Staphylo-
coccus spp. in UK petting zoo animals, with significant variation in resistance prevalence
across different centres. The detection of ESBL-producing E. coli highlights the public
health risks associated with potential zoonotic transmission of clinically significant AMR
bacteria, emphasising the need for heightened vigilance in these settings. The strong cor-
relation between antimicrobial use and overall resistance prevalence further emphasises
the critical role of responsible antimicrobial stewardship in animal husbandry. Future
studies should incorporate molecular characterisation of resistance genes, larger sample
sizes and longitudinal sampling to better understand temporal patterns, including seasonal
fluctuations, persistence and the emergence of antimicrobial resistance within individual
animals, groups and across petting zoo sites. Whole-genome sequencing and metage-
nomics could be employed to comprehensively characterise the diversity of resistance
genes and microbial communities, providing insight into the mechanisms and mobility of
resistance determinants. Investigating environmental contamination and potential trans-
mission routes would further clarify the drivers of AMR spread and associated public
health risks. Complementary studies of visitor compliance with hygiene measures would
provide additional context for understanding how human behaviour may influence the
transmission of resistant bacteria in these settings.
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