
Environmental Pollution 306 (2022) 119367

Available online 28 April 2022
0269-7491/© 2022 Published by Elsevier Ltd. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).

A walk on the wild side: Wild ungulates as potential reservoirs of 
multi-drug resistant bacteria and genes, including Escherichia coli 
harbouring CTX-M beta-lactamases☆ 

Rita Tinoco Torres a,*, Mónica V. Cunha b,c, Débora Araujo d, Helena Ferreira e,f, 
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A B S T R A C T   

Extended-spectrum β-lactamases (ESBL)-producing Enterobacterales have been classified as critical priority 
pathogens by the World Health Organization (WHO). ESBL are universally distributed and, in 2006, were firstly 
reported on a wild animal. Understanding the relative contributions of wild animals to ESBL circulation in the 
environment is urgently needed. In this work, we have conducted a nationwide study in Portugal to investigate 
the occurrence of bacteria carrying clinically significant antimicrobial resistance genes (ARG), using widely 
distributed wild ungulates as model species. A total of 151 antimicrobial resistant-Enterobacterales isolates were 
detected from 181 wild ungulates: 50% (44/88) of isolates from wild boar (Sus scrofa), 40.3% (25/62) from red 
deer (Cervus elaphus), 41.4% (12/29) from fallow deer (Dama dama) and 100% (2/2) from mouflon (Ovis aries 
subsp. musimon). Selected isolates showed a diversified resistance profile, with particularly high values corre
sponding to ampicillin (71.5%) and tetracycline (63.6%). Enterobacterales strains carried blaTEM, tetA, tetB, sul2, 
sul1 or dfrA1 ARG genes. They also carried blaCTX-M-type genes, which are prevalent in human infections, namely 
CTX-M-14, CTX-M-15 and CTX-M-98. Strikingly, this is the first report of CTX-M-98 in wildlife. Almost 40% (n =
59) of Enterobacterales were multi-drug resistant. The diversity of plasmids carried by ESBL isolates was 
remarkable, including IncF, K and P. This study highlights the potential role of wild ungulates as environmental 
reservoirs of CTX-M ESBL-producing E. coli and in the spill-over of AMR bacteria and their determinants. Our 
findings suggest that wild ungulates are useful as strategic sentinel species of AMR in terrestrial environments, 
especially in response to potential sources of anthropogenic pollution, providing early warning of potential risks 
to human, animal and environmental health.   

1. Introduction 

Antibiotics are crucial for the treatment of bacterial infections in 
humans and have saved millions of lives (Spellberg, 2016). While anti
biotics have helped to improve the quality of life and reduce overall 
mortality due to infectious diseases (Gould and Lawes, 2016), the 
intensification of antimicrobial resistance (AMR) emergence in recent 

decades is now jeopardizing the control of infectious diseases (Spellberg, 
2016). In agreement, World Health Organization (WHO) has recognized 
AMR as an urgent and menacing public health problem that threatens 
the balance formerly achieved in the control of infectious diseases 
(WHO, 2014). Though the burden of AMR on human health is 
increasing, yet difficult to precisely quantify, recent estimates are 
alarming, suggesting that nearly 10 million people will die due to AMR 
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by 2050 (O’Neill, 2014). What is officially known is that AMR is 
responsible for 35,000 human deaths per year in the USA, 33,000 in the 
European Union and 58,000 in Asia (Cassini et al., 2019). Recent esti
mates pointed that between 2000 and 2015, in the 76 analysed coun
tries, human antibiotic consumption increased by 65% (Klein et al., 
2018). These alarming numbers suggest that global antibiotic con
sumption is likely to continue increasing, if no effective action is taken 
(Klein et al., 2018), with underlying consequences on AMR emergence. 

Antibiotics are used every day in human and veterinary medicine, 
animal farming, aquaculture and agricultural activity, causing antibiotic 
residues and therefore environment pollution (Shao et al., 2021). Whilst 
antibiotic consumption and overuse is considered the primary driver of 
AMR, anthropogenic activities added an extra burden and antibiotics are 
now considered environmental pollutants which arrive to the environ
ment through different sources (Singh et al., 2021), contributing to the 
increasing spread of AMR bacteria and antimicrobial resistance genes 
(ARG) (Singh et al., 2021). For example, wastewater treatment plants 
(WWTPs) have been considered as potential hotspots for horizontal gene 
transfer between bacteria from various sources (Hiller et al., 2019), as 
the technology and treatment stages of WWTPs have not been conceived 
to effectively remove antibiotics. And so, treated effluents release anti
biotic residues and AMR bacteria into the environment (Danner et al., 
2019). Other studies suggest that between 30 and 90% of administered 
antibiotics, in humans and animals, are excreted into the environment 
by urine and feces (Du and Liu, 2012). In fact, the chemical structure of 
antibiotics is hard to degrade and their residues ultimately end up in the 
natural environment, independently of the different input sources (Shao 
et al., 2021). Understanding and controlling what seems unstoppable, 
the current dissemination of AMR bacteria and genes, is a difficult and a 
challenging task for the 21st century (Larsson et al., 2018), requiring the 
comprehension of AMR dissemination mechanisms and routes, with 
emphasis on the ecosystem link through the 
human-animal-environment interfaces (Booton et al., 2021; Iramiot 
et al., 2020; Torres et al., 2019). While this triad is increasingly recog
nized as fundamental, often the animal compartment research is limited 
to food-producing animals and companion animals, overlocking a key 
element, the wild animals (Dolejska and Literak, 2019; Torres et al., 
2021b). Fortunately, there is an increasing interest in the role of wildlife 
as a source and/or disperser of clinically relevant resistant bacteria to 
unveil the complex spread mechanisms of AMR across ecosystems 
(Arnold et al., 2016; Vittecoq et al., 2016). 

Enterobacterales are Gram-negative bacteria naturally occurring in 
the intestinal tract of warm-blooded animals and comprise common 
human pathogens causing a wide range of diseases (e.g., gastroenteritis, 
urinary tract infections, meningitis, pneumonia, septicaemia, among 
others) (Palmeira et al., 2021). Escherichia coli, a well-studied Enter
obacterales, has been widely used as an important indicator microor
ganism to capture the circulation and evolution of multi-resistant 
bacteria in the environment and wildlife (Furness et al., 2017; Rad
houani et al., 2014). β-lactams are the most common class of antibiotics 
prescribed to treat infections caused by these pathogens (Palmeira et al., 
2021). Acquired resistance to β-lactams is chiefly mediated by 
extended-spectrum β-lactamases (ESBL) and its actually globally 
distributed. Since 2000, the spread of community-acquired ESBL-pro
ducing bacteria, mainly Escherichia coli, has been reported worldwide 
(Zhang et al., 2021) and not long after, in 2006, ESBL-producing E. coli 
in wild animals were firstly reported in Portugal (Costa et al., 2006). 
Since then, ESBL have been documented in wildlife and environmental 
ecosystems all over the world (Dolejska and Literak, 2019; Swift et al., 
2019; Torres et al., 2021a). CTX-M is the most worldwide disseminated 
ESBL type, with high relevance to public health, since is related with 
outbreaks and successful spreader clones with impact to human health 
at hospital and community level (Bevan et al., 2017). 

However, to track the spread of AMR across environments, it is vital 
to understand the distribution and sources of AMR in wildlife to assess 
their relevance as bioindicators or sentinels (Furness et al., 2017; 

Larsson et al., 2018; Swift et al., 2019). The lack of knowledge on the 
AMR life cycle contributes to the ineffective mitigation of AMR spread. 
In this sense, using the right wild animal species as sentinels would be 
extremely useful to advance knowledge and inform control options. 
Wild ungulates have expanded in number and distribution all over the 
Europe in the last decades, becoming overabundant in many scenarios 
(Valente et al., 2020). Due to their wide distribution, high densities, 
large home ranges and link between natural and anthropogenic areas, 
wild ungulates may become important bioindicators and sentinels to 
track the spread and evolution of AMR across environments (Cassini 
et al., 2019; Fuentes-Castillo et al., 2019; Furness et al., 2017; Swift 
et al., 2019; Torres et al., 2020, 2019). Additionally, wild ungulates are 
hunted in most countries, placing them in direct contact with humans. 
Following this line, it is pivotal to track and unveil the relative contri
bution of different sources of AMR into the environment (Larsson et al., 
2018). Even though the occurrence and diversity of ESBL-producing 
Enterobacterales have been locally documented in some wildlife spe
cies in Portugal, data on antibiotic resistance on widely distributed wild 
ungulates at a national scale are limited. To fill this gap, we have con
ducted a national-scale study to investigate the occurrence of bacteria 
carrying clinically significant resistance genes in wild ungulates inhab
iting Portugal. Specifically, we report the occurrence of CTX-M pro
ducing E. coli recovered from a diversity of wild ungulates in Portugal. 

2. Materials and methods 

2.1. Sampling and bacterial isolation 

Faecal samples (n = 181) were collected (1–3 h after the animal 
death) from hunted wild boar (Sus scrofa, n = 88), red deer (Cervus 
elaphus, n = 62), fallow deer (Dama dama, n = 29) and mouflon (Ovis 
aries subsp. musimon, n = 2) from 36 different hunting grounds during 
two hunting seasons (October to February 2018/2019 and 2019/2020), 
located in 15 of the 18 districts of continental Portugal (Fig. 1). The 
country’s topography is characterized by pronounced differences be
tween the north/central regions (high elevations and rough landscapes) 
and south/coastal regions (plains of low elevation). Mainland Portugal 
experiences a Mediterranean climate and the north-eastern regions are 
under Atlantic influences. Human population, regardless of the region, is 
concentrated in the west and in the centre and east is where wild un
gulates densities are higher. None of the authors were involved or 
responsible for animals death and no animal was sacrificed for the study 
purposes. All institutional/national/international guidelines for the use 
and care of all animals have been followed. 

Individual animal faecal samples were each collected directly from 
the rectus of the animal into a sterilized flask and were subjected to 
refrigeration conditions from collection until arriving at the laboratory, 
where they were stored at − 20 ◦C. Microbiological analyses began with 
an enrichment step of 2 g of faecal samples for 40 mL of Tryptic Soy 
Broth (TSB) (Liofilchem – Italy) and incubation at 37 ◦C/overnight 
(without agitation). Resistant, lactose fermenting isolates of Enter
obacterales were selected from the enrichment broth by spreading 100 μL 
of the enrichment per plate of MacConkey agar (Liofilchem – Italy) 
supplemented with antibiotic, including ampicillin (AMP, 100 μg/mL, 
Sigma-Aldrich - Germany), cefotaxime (CTX, 1 μg/mL, Labesfal - 
Portugal), meropenem (MRP, 0,5 μg/mL, Sigma-Aldrich - Germany), 
ciprofloxacin (CIP, 1 μg/mL, Acros Organics – United Kingdom) or 
tetracycline (TET, 100 μg/mL, Sigma-Aldrich - Germany). All plates 
were incubated at 37 ◦C/overnight. From each plate showing growth, a 
single lactose-fermenter colony was streaked to the same antibiotic- 
selection plate for phenotype confirmation, followed by incubation at 
37 ◦C/overnight (Palmeira et al., 2020). 

2.2. Antimicrobial susceptibility testing and identification 

The antimicrobial resistance profile of all selected isolates was 
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determined by the disk-diffusion method, according to clinical break
points of EUCAST guidelines (2021), using antibiotic disks (Oxoid – 
United Kingdom) of the following antibiotics: ampicillin (AMP 10 μg), 
amoxicillin plus clavulanic acid (AMC, 30 μg), cefoxitin (FOX, 30 μg), 
cefotaxime (CTX, 5 μg), ceftazidime (CAZ, 10 μg), ceftiofur (EFT, 30 μg), 
cefepime (FEP, 30 μg), aztreonam (ATM, 30 μg), meropenem (MRP, 10 
μg), ciprofloxacin (CIP, 5 μg), enrofloxacin (ENR, 5 μg), tetracycline 
(TET, 30 μg), tigecycline (TGC, 15 μg), gentamicin (GEN, 10 μg), sul
famethoxazole plus trimethoprim (SXT, 25 μg), chloramphenicol (CHL, 
30 μg), fosfomycin (FOT, 200 μg) and nitrofurantoin (FUR, 100 μg). For 
EFT, ENR, TET and GEN the interpretation was done by CLSI standards 
(2020). According to the criteria of Magiorakos et al. (2012), the 
multidrug-resistant (MDR) status was attributed when the isolate 
showed resistance to one or more antimicrobials from three or more 
different antimicrobial categories. The bacterial identification was 
initially presumptive with CHROMagar Orientation (CHROMagar – 
France) and followed by biochemistry tests, through API20E galleries 
(bioMérieux, Marcy l’Etoile, France). Isolates with the same 

antimicrobial resistance profile and identification selected from an 
unique animal by different antibiotic-selective media, were considered 
duplicated, consequently one of them was excluded. 

2.3. Antibiotic resistance genes and plasmid replicon typing 

Resistant isolates were screened for ARG, selected according to their 
phenotype: blaTEM, blaSHV, blaOXA, blaCTX-M (resistance to β-lactams), 
qnrA, qnrB, qnrS, aac (6′)-Ib-cr (fluoroquinolones), aac3′-II, aac3′-IV, 
ant2′′, strA, strB (aminoglycosides), tetA, tetB (tetracycline), sul1, sul2, 
sul3 (sulfamethoxazole), dfrA1, dfrA12, dfrA17 (trimethoprim), fosA3, 
fosA5, fosC2 (fosfomycin), cmlA1, catA and floR (chloramphenicol) by 
PCR (Table S1). PCR amplification analysis was carried out by electro
phoresis in 1,5 - 2% agarose gel (NzyTech – Portugal) under 200 A, 100 
V and for 30–90 min of run conditions. PCR products purification per
formed through NZYGelpure kit (NzyTech – Portugal) for sequencing 
analysis. Amplicon sequencing of blaESBL amplicons was performed by 
Sanger sequencing (Eurofins Genomics – Germany). The NCBI website, 

Fig. 1. Locations of sample collection (red circles correspond to the number of ungulate samples collected). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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through the tool BLAST, was used for identification of the blaESBL gene 
variants (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The plasmid content 
of ESBL-producing isolates was determined using standard protocols 
based in replicon typing (Inc) (Carattoli et al., 2005). In this study, all 
PCR assays were performed using Super Hot Master Mix (Bioron – 
Germany) and Table S1 shows the details of primers and PCR conditions. 

2.4. Escherichia coli typing 

All ESBL-producing E. coli isolates were characterized in relation to 
phylogenetic group (A, B1, B2, C, D, E and F) by a multiplex PCR 
standard protocol (Clermont et al., 2013). The pathogenic potential of 
ESBL-producing E. coli isolates was evaluated by screening the six ma
jors categories (EPEC, ATEC, STEC, ETEC, EIEC and EAEC) of intestinal 
pathotypes of E. coli, through a multiplex PCR (Müller et al., 2007) and 
30 different virulence factors of E. coli, carried out by 5 multiplex PCR 
schemes (Johnson and Stell, 2000). Table S1 shows primers sequences 
and PCR protocols of all typing assays. 

2.5. Statistical analysis 

We used a 2-sample test for equality of proportions bacteria (prop. 
test function in R) to assess sexual (male versus female) and age class 
(adults versus juveniles) differences in the proportion of resistant-. To 
evaluate if there were any statistically differences in the detection of 
resistance genes between species, we used the Fisher exact test (fisher. 
test function in R). A p-value of <0.05 was considered statistically sig
nificant. All analysis were performed in Rstudio software version 
1.4.1106. 

3. Results 

3.1. Resistant Enterobacterales selection 

From a total of 83 out of 181 (45.8%) sampled animals, 151 resistant- 
Enterobacterales isolates were detected (Fig. 2). When analysed accord
ing to animal species, the wild boar showed 50% (44/88) of animals 
harbouring resistant-Enterobacterales, red deer 40.3% (25/62), fallow 

Fig. 2. Geographic distribution of resistant-Enterobacterales isolates among ungulates sampled in this study.  
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deer 41.4% (12/29) and mouflon 100% (2/2). Age analysis showed 
46.7% (63/135) of adults and 43.5% (20/46) of juvenile ungulates with 
resistant-bacteria and males and females showed 53.6% (44/82) and 
39.4% (39/99), respectively. There was no statistical significant differ
ences between males and females (2-sample test for equality of pro
portions with continuity correction, X2 = 0.597, df = 1, p = 0.44) and 
adults and juveniles (2-sample test for equality of proportions with 
continuity correction, X2 = 5.2891e-32, df = 1, p = 1) regarding the 
proportion of animals with resistant-bacteria. The ratio between the 
number of resistant-Enterobacterales per colonized animal for each 
sampled geographical region of Portugal shows the following pro
portions: 1.8 resistant-isolates per colonized animal in the north region, 
1.56 in the centre, 2.36 in Lisbon and Tagus Valley, and 1.96 in Alentejo 
(Fig. 2). 

3.2. Antimicrobial resistance profile 

The 151 resistant-isolates of Enterobacterales showed a diverse 
resistance profile to the 18 antibiotics screened in the disk diffusion 
susceptibility test (Table 1). Only meropenem and tigecycline were fully 
effective against all isolates. The higher rates of resistance were regis
tered for ampicillin (71.5%) and tetracycline (63.6%), followed by sul
famethoxazole plus trimethoprim (23.8%), ciprofloxacin (11.3%) and 
chloramphenicol (10.6%). Also of note are the resistance rates to oxy
imino- β-lactam antibiotics (2.6%–7.3%). 

The resistance phenotype patterns were very diversified, with 41 
different phenotypes (Table 2), and isolates showing resistance to one to 
11 antibiotics. AMP/TET (27 isolates/151), TET (26/151), AMP (18/ 
151) and AMP/TET/SXT (12/151) were the most prevalent resistance 
phenotype patterns. From 151 resistant-Enterobacterales isolates, a total 
of 59 (39.1%) were classified as MDR. 

3.3. Antimicrobial resistance genes 

A high diversity of ARG was detected in the genome of isolated 
bacteria (Table 3), showing the potential of wild ungulates as reservoir 
of ARG. As genes encoding resistance were screened according to the 
resistance phenotype, no direct prevalence should be measured. Under 
this observation, the most detected ARGs were blaTEM (60 isolates/151), 
tetA (50/151), tetB (45/151), sul2 (28/151), sul1 (18/151) and dfrA1 

(18/151). There were no statistically differences between the ARG 
screened between wild boar, red deer and fallow deer (β-lactams: 
Fisher’s exact test p-value = 0.4156; Fluoroquinolones: Fisher’s exact 
test p-value p-value = 0.1143; Aminoglycosides: Fisher’s exact test p- 
value p-value = 1; Tetracycline: Fisher’s exact test p-value = 0.3284; 
Sulfamethoxazole: Fisher’s exact test p-value = 0.3747; Trimethoprim: 
Fisher’s exact test p-value = 0.5433) except for Chloramphenicol 
(Fisher’s exact test p-value = 0.04766) where there was a significant 
difference only between wild boar and fallow deer (Fisher’s exact test p- 
value = 0.02249). 

Table 1 
Resistance profile of 151 Enterobacterales isolated in wild ungulates (wild boar n 
= 88, red deer n = 62, fallow deer n = 29 and mouflon n = 2) from Portugal.  

Antibiotic Disk 
Conc. 
(μg) 

Clinical 
breakpoint 
guideline 

Resistant 

Interpretative 
criteria (mm) 

No. 
isolates 

% 

Ampicillin 10 EUCAST ZD < 14 108 71.5 
Amoxicillin +

Clav. Ac. 
30 EUCAST ZD < 19 10 6.6 

Cefoxitin 30 EUCAST ZD < 19 14 9.3 
Cefotaxime 5 EUCAST ZD < 17 11 7.3 
Ceftazidime 10 EUCAST ZD < 19 7 4.6 
Ceftiofur 30 CLSI ZD < 18 8 5.3 
Cefepime 30 EUCAST ZD < 24 4 2.6 
Aztreonam 30 EUCAST ZD < 21 8 5.3 
Meropenem 10 EUCAST ZD < 16 0 0.0 
Ciprofloxacin 5 EUCAST ZD < 22 17 11.3 
Enrofloxacin 5 CLSI ZD < 17 9 6.0 
Gentamycin 10 CLSI ZD < 13 7 4.6 
Tetracycline 30 CLSI ZD < 12 96 63.6 
Tigecycline 15 EUCAST ZD < 18 0 0.0 
Fosfomycin 200 EUCAST ZD < 24 7 4.6 
Sulfam. +

Trimethoprim 
25 EUCAST ZD < 11 36 23.8 

Chloramphenicol 30 EUCAST ZD < 17 16 10.6 
Nitrofurantoin 100 EUCAST ZD < 11 1 0.7 

ZD – Inhibition growth zone diameter. 

Table 2 
Resistance phenotype pattern of 151 resistant Enterobacterales isolated from wild 
ungulates.  

Antimicrobial resistance 
patterns 

No. 
Isolates 

Animal host 

Wild 
boar 

Red 
deer 

Fallow 
deer 

Mouflon 

AMP/TET 27 14 6 7 0 
TET 26 15 9 2 0 
AMP 18 11 4 2 1 
AMP/TET/SXT 12 7 2 3 0 
AMP/SXT 6 4 1 1 0 
AMP/TET/CHL 4 3 0 1 0 
TET/SXT 4 2 1 1 0 
AMP/CIP/TET 3 2 1 0 0 
AMP/CTX/FOX/ATM/ 

EFT/CAZ/AMC 
3 1 0 2 0 

AMP/FOX 3 1 1 1 0 
AMP/TET/SXT/CHL 3 3 0 0 0 
TET/SXT/CHL 3 3 0 0 0 
AMP/CIP 2 1 0 1 0 
AMP/CIP/ENR/TET/SXT 2 0 0 2 0 
AMP/FOX/FOT 2 1 1 0 0 
AMP/SXT/CHL 2 1 1 0 0 
AMP/TET/GEN 2 1 1 0 0 
CIP/ENR 2 1 0 1 0 
FOT 2 0 2 0 0 
TET/FOT 2 1 0 1 0 
AMP/CTX/FOX/EFT/ 

CAZ/AMC 
2 1 1 0 0 

AMP/AMC/CIP/ENR/ 
TET/SXT 

1 0 0 1 0 

AMP/CIP/GEN 1 0 0 0 1 
AMP/CIP/ENR 1 1 0 0 0 
AMP/CIP/ENR/TET 1 1 0 0 0 
AMP/CIP/TET/SXT/CHL/ 

GEN 
1 0 0 1 0 

AMP/GEN 1 1 0 0 0 
AMP/CTX/ATM/CIP/ 

ENR/TET/SXT 
1 1 0 0 0 

AMP/CTX/FEP/ATM/EFT 1 0 1 0 0 
AMP/CTX/FEP/ATM/ 

EFT/CAZ/CIP/ENR/ 
TET/CHL/GEN 

1 0 0 1 0 

AMP/CTX/FEP/EFT/CAZ 1 1 0 0 0 
AMP/CTX/FOX/AMC 1 1 0 0 0 
AMP/CTX/FOX/ATM/ 

AMC 
1 0 1 0 0 

AMP/CTX/FOX/FEP/ 
ATM/EFT/CAZ/AMC 

1 0 1 0 0 

AMP/FOT 1 0 1 0 0 
AMP/FOX/AMC 1 0 1 0 0 
AMP/FOX/AMC/TET 1 1 0 0 0 
AMP/FUR 1 1 0 0 0 
AMP/TET/CHL/GEN 1 1 0 0 0 
CIP/TET 1 0 1 0 0 
SXT/CHL 1 1 0 0 0 

AMP - ampicillin, AMC – amoxicillin plus clavulanic acid, FOX - cefoxitin, CTX – 
cefotaxime, CAZ - ceftazidime, EFT - ceftiofur, FEP - cefepime, ATM - aztreonam, 
MRP - meropenem, CIP - ciprofloxacin, ENR - enrofloxacin, TET - tetracycline, 
TGC - tigecycline, GEN - gentamycin, SXT - sulfamethoxazole plus trimethoprim, 
CHL - chloramphenicol, FOT - fosfomycin and FUR - nitrofurantoin. 
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3.4. Extended-spectrum β-lactamases (ESBL)-producing E. coli 
characterization 

Characteristic phenotypic synergism of ESBL producers was detected 
in 4 (2,65%) resistant-Enterobacterales, which were identified as 
Escherichia coli. Table 4 shows the features of ESBL producer isolates. 
These ESBL-producing E. coli were detected in wild boar (2/4), red deer 
(1/4) and fallow deer (1/4). No relation among ESBL-producing E. coli 

and animal gender or age were registered. The ESBL isolates harboured 
CTX-M β-lactamase, with 3 different variants: CTX-M-14 (2/4), CTX-M- 
15 (1/4) and CTX-M-98 (1/4). All ESBL producers were MDR, showing 
resistance, in addition to resistance to β-lactams, to CIP (2/4), ENR (2/ 
4), TET (2/4), GEN (1/4), SXT (1/4) and CHL (1/4). Three isolates 
belonged to B1 phylogroup and one to phylogroup C. None ESBL pro
ducer isolate belonged to any intestinal pathotypes of E. coli evaluated. 
All ESBL isolates have fimH and traT as virulence factors and a high 
diversity of plasmids with 10 different (IncFIA, FIB, FIC, K, P, T, F, A, C 
and B/O) plasmids detected, according to the replicon typing charac
terization, but with IncF being detected in all ESBL-producing isolates. 

4. Discussion 

It is not new the importance of AMR to human health since its first 
description and significance in the 60’s (Davies and Davies, 2010), but 
nowadays it is clear that the relevance and role of AMR spread transcend 
the human context, being the interface human-animal-environment 
strongly connected with the AMR spread and dissemination (Rousham 
et al., 2018). The emergence of wildlife colonized by ESBL-producing 
E. coli, with a zoonotic character, is a global public and environmental 
problem (Palmeira et al., 2021). Under the One Health approach, large 
scale surveillance is mandatory to understand the dynamics of AMR 
bacteria, gene transmission and the characterization of AMR through the 
interface human-animal-environment. 

Resistant-Enterobacterales were present in wild ungulates from all 
sampled regions (North, Centre, Lisbon and Tagus Valley, and Alentejo) 
of mainland Portugal which emphasizes the wide AMR distribution. The 
proportional ratio of resistant-Enterobacterales per AMR harbouring an
imal draws attention, since Lisbon and Tagus Valley showed higher ratio 
proportions once this Portugal region have the higher human population 
density and consequently a higher anthropogenic pressure in the natural 
settings, suggesting that the AMR development and dispersion are 
closely related with human activities. Wild ungulates, due to their wide 
distribution, high densities and link between natural and anthropogenic 
areas can become important bioindicators and sentinels to track the 
spread and evolution of AMR across environments (Furness et al., 2017; 
Swift et al., 2019; Torres et al., 2019). 

In our work, we found a prevalence of 45.8% of resistant-Enter
obacterales colonizing the gastrointestinal tract of wild ungulates. No 
correlation between animal species and resistant-bacteria selection was 
established, since the ungulate species showed prevalence values 
(40.3–50%) without significant differences that justify any animal 
species-AMR correlation (the mouflon value was not considered due to 
the low number of samples, n = 2). In Europe, several studies have 
already described various resistant-bacteria in the wild ungulate species 
that we sampled in this study (Dias et al., 2019, 2015; Loncaric et al., 
2016; Torres et al., 2020). While there was no significant difference of 
AMR prevalence among species, wild boar was expected to be at higher 
risk (Vittecoq et al., 2016). This hypothesis was based on species 

Table 3 
Antimicrobial resistance genes (ARG) screened according to the resistance 
phenotype of 151 resistant-Enterobacterales from wild ungulates.  

Class/Antibiotic with resistant 
phenotype 

Beta-lactams (n = 108) 

Gene blaTEM blaSHV blaOXA blaCTX- 

M 

No. Isolates 60/ 
108 

3/ 
108 

1/108 4/108 

% 55.5 2.8 0.9 3.7  

Class/Antibiotic with resistant phenotype Fluoroquinolones (n = 17) 

Gene qnrA qnrB qnrS aac6′Ib-cr 
No. Isolates 0/17 1/17 4/17 3/17 
% 0.0 5.9 23.5 17.6  

Class/Antibiotic with resistant 
phenotype 

Aminoglycosides (n = 7) 

Gene aac3′- 
II 

aac3′- 
IV 

ant2′′ strA strB 

No. Isolates 0/7 0/7 0/7 3/7 3/7 
% 0.0 0.0 0.0 42.8 42.8  

Class/Antibiotic with resistant phenotype Tetracycline (n = 96) 

Gene tetA tetB 
No. Isolates 50/96 45/96 
% 52.1 46.9  

Class/Antibiotic with resistant phenotype Sulfamethoxazole (n = 36) 

Gene sul1 sul2 sul3 
No. Isolates 18/36 28/36 1/36 
% 50.0 77.8 2.8  

Class/Antibiotic with resistant phenotype Trimethoprim (n = 36) 

Gene dfrA1 dfrA12 dfrA17 
No. Isolates 18/36 2/36 7/36 
% 50.0 5.5 19.4  

Class/Antibiotic with resistant phenotype Chloramphenicol (n = 16) 

Gene cmlA1 catA floR 
No. Isolates 2/16 6/16 11/16 
% 12.5 37.5 68.7  

Class/Antibiotic with resistant phenotype Fosfomycin (n = 7) 

Gene fosA3 fosA5 fosC2 
No. Isolates 0/7 0/7 0/7 
% 0.0 0.0 0.0  

Table 4 
Characterization of ESBL-producing Escherichia coli from wild ungulates from Portugal.  

Ungulate 
species 

Sample Sex Age Isolate 
ID 

Bacterial 
species 

ESBL 
gene 

β-lactam 
resistance 

Non-β-lactam 
resistance 
genes 

Non- 
β-lactam 
resistance 

MDR 
profile 

Plasmid 
content 
(Inc) 

PG Virulence 
Factors 

Wild boar J132 F A U95 E. coli blaCTX- 

M-98 

AMP, CTX, 
ATM 

sul1, sul2, 
dfrA17 

CIP, ENR, 
TET, SXT 

MDR FIA, FIB C fimH, traT 

Wild boar J160 M J U29 E. coli blaCTX- 

M-14 

AMP, CTX, 
EFT, CAZ, FEP  

– MDR F, K, P, B/ 
O 

B1 fimH, traT 

Red deer C57 F A U1 E. coli blaCTX- 

M-14 

AMP, CTX, 
EFT, FEP, 
ATM 

- – MDR F, K, B/O B1 fimH, traT 

Fallow 
deer 

C113 M A U143 E. coli blaCTX- 

M-15 

AMP, CTX, 
EFT, CAZ, 
FEP, ATM 

strA, strB, tetA, 
cmlA1, floR 

CIP, ENR, 
GEN, TET, 
CHL 

MDR FIB, FIC, P, 
T, A, C, K 

B1 fimH, traT 

F – female; M-male; A-adult; J-juvenile; PG – Phylogenetic group. 
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difference feeding ecology: wild boar is an omnivorous, while the 
remaining species are herbivores. Omnivorous species often feed on 
anthropogenic garbage and wild boar represent a known epidemiolog
ical link between natural and humanized environments (Torres et al., 
2020; Ramos et al., 2022). 

From the total of the 151 resistant-Enterobacterales that we recov
ered, all showed resistance at least to one of the eighteen antibiotics 
tested. The Enterobacterales isolates recovered from wild ungulates 
showed resistance to antibiotics classified by WHO as important 
(nitrofurantoin), highly important (cefoxitin, tetracycline, sulfameth
oxazole, trimethoprim and chloramphenicol) and critically important 
(ampicillin, amoxicillin plus clavulanic acid, cefotaxime, ceftazidime, 
cefepime, aztreonam, ciprofloxacin, gentamycin and fosfomycin) 
(WHO, 2019), highlighting the yet unexplored impact that these animals 
may exert in the dissemination of resistant-bacteria and genes that 
confer resistance to critically important antibiotics to human medicine, 
and consequently to human health. It is worth emphasizing that these 
free-range wild animals live in natural habitats which, according to the 
results presented, did not prevent that anthropogenic activities gener
ated the pressure to create in the intestinal microbiota of these animals a 
real cauldron of AMR determinants with significance to human thera
peutics (Dolejska and Literak, 2019; Torres et al., 2021a). 

The higher resistance rates found in this study were to ampicillin 
(71.5%) and tetracycline (63.6%). This is alarming, as these results are 
similar to those obtained in Portugal in different environmental settings, 
such as aquacultures water and sediment, feed and trout (Novais et al., 
2018) and untreated waters for human consumption (Macedo et al., 
2011). Ampicillins and tetracyclines are antibiotics often used in human 
and veterinary settings, highlighting that resistance is already widely 
distributed in a wide set of environmental scenarios. 

The MDR phenotype was identified in 59 (39.1%) Enterobacterales 
isolates, with a total of 26 different MDR phenotypes patterns, showing 
the potential of these animals to harbour bacteria doted of multiple 
mechanisms to promote their persistence, by promoting therapeutical 
failure, in an eventual infection process. MDR bacteria are one of the 
biggest public health problem in human healthcare settings, once they 
jeopardize the treatment of infections with high mortality and morbidity 
rates (Dadgostar, 2019). Analysing the resistance phenotype patterns 
per different animal host, no significant relation is present that justify 
the association of any specific phenotype with any animal species. 

A total of 21 different types of ARG were detected and responsible for 
resistance to 12 antibiotic categories. Wild ungulates as reservoir of ARG 
have been well described in Europe, including Portugal, Spain and 
Germany (Darwich et al., 2021; Navarro-Gonzalez et al., 2018, 2012; 
Plaza-Rodríguez et al., 2021; Torres et al., 2021b). The presence of ARG 
itself is very important due to their capacity to confer phenotypic AMR 
to the carrying bacteria, but is not limited to this role, once the ARG are 
typically located in genetic mobile elements, such as plasmids and 
integrons, increasing ARG relevance due the potential of genetic hori
zontal transfer (Rozwandowicz et al., 2018). 

In this study, we report the presence of MDR ESBL-producing E. coli 
harbouring CTX-M β-lactamases, on three different species (fallow deer, 
red deer and wild boar) and the presence of three different CTX-M 
variants: CTX-M-15, CTX-M-14 and CTX-M-98. CTX-M-15, the wider 
disseminated ESBL worldwide, has been linked to different E. coli 
strains, is highly related to healthcare settings infections and outbreaks 
(Bonnet, 2004; Cantón et al., 2012) and sporadically in pets and live
stock in different European countries (Coque et al., 2008). CTX-M-15 
have also been described in wildlife, namely wild birds (Guenther 
et al., 2010; Poeta et al., 2008; Veldman et al., 2013), highlighting this 
taxonomic group as potential disperser of CTX-M-15. In our study, U143 
E. coli selected from a fallow deer can be considered a commensal ac
cording to its B1 phylogenetic profile and co-harbouring the resistance 
genes strA, strB, tetA, cmlA1 and floR and the virulence factors fimH and 
traT. Regarding wild ungulates, CTX-M-15-producing E. coli has been 
previously described in wild boar in Algeria (Bachiri et al., 2017). 

Beta-lactamases have been well reported in the interface 
human-animal-environment, with description in wild ungulates in 
Austria, Algeria, Poland, Germany (Holtmann et al., 2021; Palmeira 
et al., 2021), and it has been previously described in wild boar in 
Portugal (Poeta et al., 2009). 

Like CTX-M-15, CTX-M-14 is one of the most common CTX-M vari
ants in humans (Livermore et al., 2007) and has also been reported in 
livestock (EFSA, 2011). At a European scale, Stedt et al. (2015) showed 
that the CTX-M-14 was the most common CTX-M genotype in gulls in 
Portugal and Spain, highlighting that this β-lactamase is also frequent in 
Portuguese poultry (Costa et al., 2009). Also, it has been previously 
found in red fox and birds of prey in Portugal (Costa et al., 2006). We 
report CTX-M-14-producing E. coli from one wild boar (U29) male and a 
female red deer (U1); in both cases E. coli showed a B1 phylogenetic 
profile without other ARG, but showed some virulence characteristics (e. 
g. fimH and traT). In Europe CTX-M-14-producing E. coli have just few 
reports in wild boar (Spain and Germany), but it is, to the best of our 
knowledge, the first report in red deer (Darwich et al., 2021; Holtmann 
et al., 2021). 

CTX-M-98-producing E. coli was isolated from a wild boar female and 
this isolate did not show a B1 commensal profile, typical in animals 
microbiota, but showed a C phylogroup profile which is closely related 
to B1 (Martak et al., 2020). There are few reports of CTX-M-98 in 
humans and livestock (Liu et al., 2015), and to the best of our knowl
edge, this is the first report of CTX-M-98 in wildlife (Liu et al., 2015). The 
presence of virulence genes in all CTX-M-producing E. coli isolated in 
this work draws attention, since it confers the AMR reservoir status to 
these animals but also the reservoir status for E. coli with pathogenic 
potential (Sarowska et al., 2019). 

The IncF plasmid type was found in all ESBL-producing E. coli, 
highlighting that this plasmid type is worldwide related with CTX-M 
genes spread (Cantón et al., 2012). CTX-M-14 is commonly related 
with the IncK plasmid type in southern Europe (Cantón et al., 2012), 
what also happened in the selected U1 and U29 CTX-M-14-producing 
E. coli coharbouring IncK plasmid, suggesting the circulation of this 
plasmid through different ecosystems compartment (Cantón et al., 
2012). Understanding the circulation dynamics of mobile genetic ele
ments, such as plasmids, is a key rule on AMR spread and dissemination 
routes with global impact, this is why it is necessary to build strategies to 
slowdown the AMR propagation with urgent investments in active 
worldwide surveillance in all compartments of interface 
human-animal-environment (Palmeira et al., 2020; Vrancianu et al., 
2020). 

5. Conclusions 

We have documented that wild ungulates are environmental carriers 
of ESBL (CTX- M)-producing Escherichia coli, representing a potential 
risk to human, animal and environmental health. Our work contributes 
to the surveillance and the state of art of AMR spread in wild ungulates 
in Portugal. High rates of AMR were observed, showing and confirming 
the role of wild ungulates as reservoirs and transmitters of AMR and 
their determinants. Since wild ungulates have a European-wide distri
bution and have a direct and indirect contact with humans and livestock, 
the relevance and importance of surveillance of wildlife, using strategic 
sentinel species, cannot be overlooked, but the promotion of holistic 
works to reveal the real rule of wildlife in the AMR dissemination is 
essential. Considering the ecological impact of the transmission of 
resistance determinants in natural environments, the contribution of 
wildlife must be emphasized, needing well designed translational 
studies to better understand the contribution of this niche to the global 
spread of antibiotic resistance. 
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