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Simple Summary

Antimicrobial resistance is a widespread problem, occurring in clinical, veterinary, agricul-
tural, and environmental settings, strongly influenced by human activities like the overuse
and misuse of antimicrobials. In this study, an epidemiological investigation of the spread
of antimicrobial resistance genes was performed by testing splenic samples of 127 red
foxes via a molecular approach. Positivity for one or more resistance genes was found in
78 (61%) of the samples tested. These results confirm that foxes, which feed on human waste,
scavenge contaminated carcasses, and consume peri-domestic prey, could be sentinels of
the presence of antimicrobial resistant bacteria in contaminated environments.

Abstract

Clinically significant antimicrobial-resistant bacteria and resistance genes are increasingly
being reported in wildlife. In this study, 127 splenic samples from red foxes (Vulpes vulpes)
from northern and central Italy were analysed for the presence of resistance genes against
antimicrobials such as tetracycline, sulphonamide, β-lactam, and colistin, which were
previously extensively used in human and veterinary management of bacterial diseases.
One or more antimicrobial resistance genes were detected in 78 (61%) of 127 splenic samples.
Polymerase chain reaction positivity was revealed for 13 genes—tet(A), tet(B), tet(K), tet(L),
tet(M), tet(O), tetA(P), tet(Q), tet(S), tet(X), sul1, sul2, and blaTEM-1—out of the 21 tested genes.
Our results, corroborated by reports in the literature, confirm the potential role of the red
fox as a sentinel for antimicrobial-resistant bacteria in contaminated environments and
suggest that detecting resistance genes in biological samples by a culture-independent
method might be an effective tool for the epidemiological study of antimicrobial resistance
in wildlife.
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1. Introduction
Antimicrobial resistance (AMR) is considered a critical global health challenge that

spans all domains of the One Health framework. In the veterinary field, most studies
on AMR have focused on intensively reared cattle, pigs, poultry, and fish because these
animals are more frequently exposed to pharmacological pressure. However, from a
One Health perspective—recognising the interconnectedness of humans, animals, and the
environment—wildlife is an integral part of the environment [1] and cannot be excluded
from AMR investigations. AMR in the environment can occur naturally [2], but it is also
significantly influenced by anthropogenic pressures [3]. Wildlife clearly demonstrates how
such human pressures can increase and accelerate the development and spread of AMR [4].
Wild animals are generally less exposed to pharmacological treatments than domestic
animals and humans [5], except in specific cases, such as those treated in wildlife recovery
centres. Nevertheless, human population growth and land-use changes, including rapid
urbanisation, have resulted in the fragmentation or loss of natural habitats available to wild
animals [6], thus eroding natural barriers between humans, domestic and domesticated ani-
mals, and wildlife. As a result, natural ecosystems are increasingly subject to anthropogenic
pressures, which, in turn, affect the resistome of wild animals through environmental
contamination via wastewater or manure [7]. Clinically significant antimicrobial-resistant
bacteria and AMR genes (ARGs) are increasingly being reported in wildlife, including red
foxes [8–16], although the real implications of AMR for wildlife health remain unclear [17].
In most cases, these studies have relied on bacteriological culture, antibiotic susceptibility
testing of isolated microorganisms, and subsequent molecular identification of ARGs.

The purpose of this study was to investigate, using a culture-independent molecular
approach, splenic samples from red foxes from northern and central Italy for the presence of
genes that confer resistance to antimicrobials which were extensively used in both human
and veterinary medicine before the current restrictions in force in the EU, especially in the
animal sector.

2. Materials and Methods
2.1. Sampling

Total DNA was previously extracted from splenic samples of 127 red foxes (Vulpes
vulpes, Limnaeus, 1758) culled as part of wildlife population control plans between 2022
and 2024. Ninety-eight foxes were sent to the Department of Veterinary Sciences at the
University of Pisa in central Italy for teaching purposes, and 29 were sent to the Istituto
Zooprofilattico Sperimentale Lombardia and Emilia-Romagna (Sede Territoriale di Bologna)
in northeastern Italy for diagnostic investigations. Splenic samples were collected during
post-mortem examinations carried out within 24 h of death and stored at −20 ◦C until
DNA extraction.

DNA extraction was performed using the QIAamp DNA Mini Kit (Qiagen, Hilden,
Germany), following the manufacturer’s instructions. Negative controls (kit reagents
only) were included in each extraction set. The DNA extracts were stored at −20 ◦C and
subsequently sent to the Department of Veterinary Medical Sciences at the University of
Bologna, Italy, for molecular assays.

2.2. Molecular Analysis

PCR was performed by targeting the following ARGs: tet(A), tet(B), tet(C), tet(D),
tet(E), tet(G), tet(K), tet(L), tet(M), tet(O), tet(S), tetA(P), tet(Q), tet(X), sul1, sul2, sul3, blaCTX-M,
blaSHV, blaTEM, and mcr-1.

Each gene was amplified by an individual PCR, using primers according to Ng
et al. [18] (tet genes), Sáenz et al. [19] (sul genes), Batchelor et al. [20] (blaCTX−M), Jouini
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et al. [21] (blaSHV and blaTEM), and Liu et al. [22] (mcr-1). The following PCR protocols were
applied: initial denaturation at 94 ◦C for 5 min, followed by 35 cycles at 94 ◦C for 1 min;
annealing at 50 ◦C [tet(K)], 51 ◦C [tetA(P), tet(S), and sul3], 53 ◦C [tet(B), tet(D), tet(E), tet(M),
tet(Q), tet(X), blaSHV, and mcr-1], 55 ◦C [tet(A), tet(C), tet(G), tet(L), tet(O), sul2, blaCTX-M,
and blaTEM], or 59 ◦C (sul1), each for 1 min; and extension at 72 ◦C for 1 min. A final
extension step at 72 ◦C for 10 min completed the reaction. DNA from Escherichia coli strains
containing AMR plasmids was used as a positive control.

The PCR products were analysed by 2% agarose gel electrophoresis; DNA bands were
stained with Midori Green Advance (Nippon Genetics Europe GmbH, Düren, Germany)
and visualised using ultraviolet trans-illumination. All amplicons were purified using
the NucleoSpin Gel & PCR Clean-up Mini Kit (Makerey-Nagel, Duren, Germany), and
both DNA strands were sequenced using the Sanger method (Bio-Fab Research, Rome,
Italy). The resulting sequences were edited and assembled using Bioedit software v7.7 and
compared with publicly available sequences via the nucleotide BLAST (v2.16.0) server in
the GenBank database (National Center for Biotechnology Information 2025).

2.3. Statistical Analysis

The chi-square (χ2) test was used to compare the percentage of ARG-positive samples
between northern and central Italy. The threshold for statistical significance was set at
p ≤ 0.05.

3. Results
The results are shown in Table 1.

Table 1. Antimicrobial resistance genes detected in splenic samples from red foxes in Italy.
ID = sample identification number; ARGs = antimicrobial resistance genes. Samples from central
Italy are numbered 1–98; samples from northern Italy are numbered 99–127.

ID ARGs ID ARGs ID ARGs ID ARGs ID ARGs ID ARGs

3 tet(M), tet(O) 28
tet(A), tet(B),
tetA(P), sul1,
sul2, blaTEM-1

47 tetA(P) 63 tet(M), tet(O),
tetA(P) 91 tet(M),

tetA(P) 111 sul1

4 tetA(P), sul1 29 sul1, blaTEM-1 49 tetA(P) 64 tet(L), tet(M),
tet(S) 95

tet(A), tet(L),
tet(M),

tetA(P), tet(S)
113 tet(O)

5 tet(O) 33 tet(O) 50 tet(O) 65
tet(B), tet(M),

tet(S), sul1,
blaTEM-1

96 tet(M), tet(O) 114
tet(B), tet(L),
tet(M), tet(X),

blaTEM-1

6 tet(M) 34 tetA(P), sul1 51 sul1 66
tet(M),

tetA(P), tet(S),
sul1

97 tet(L), tet(M),
tet(O) 117 tet(O), tet(S)

7 tet(O), tetA(P) 36 tet(O) 52 tet(O) 67 tetA(P) 98 tet(L), tet(M),
tet(O) 118

tet(B), tet(L),
tet(M), tet(S),
tet(X), sul1

9 tet(O), sul1 37 sul2, blaTEM-1 53 tet(O), tet(Q),
tet(X) 68 tet(B), tet(M),

tetA(P), sul1 99
tet(L), tet(M),

tet(O),
blaTEM-1

120 tet(X)

10 tet(O) 38

tet(A), tet(B),
tet(M),

tetA(P), sul1,
sul2, blaTEM-1

55

tet(K), tet(L),
tet(M), tet(O),
tet(Q), tet(X),

sul2

75 tet(M) 100 tet(X) 122 tet(M)



Animals 2025, 15, 2022 4 of 9

Table 1. Cont.

ID ARGs ID ARGs ID ARGs ID ARGs ID ARGs ID ARGs

12 sul1 39 tet(M) 56 tet(M),
tetA(P) 76 tet(L), tet(O) 101 tet(M), tet(O),

tet(X), sul2 123 tet(B)

13 tet(M), tet(O),
tet(X) 40 tet(L), tet(M),

tetA(P) 57 sul1 82
tet(B), tet(O),

tetA(P),
tet(Q), tet(X)

103
tet(A), tet(M),
tetA(P), sul2,

blaTEM-1

14 tet(O) 41 tet(B) 58 tet(A), tet(M),
tet(Q), sul1 83 tet(M), tet(O) 105 tet(O)

16

tet(M), tet(O),
tetA(P),

tet(Q), tet(X),
sul1, blaTEM-1

43 tetA(P) 59 tet(L), tet(M),
tetA(P) 85 tet(M) 106 sul2

17 tet(M), tet(S) 44 tet(M),
tetA(P) 60 tet(M), tet(O) 86 tet(M), tet(S) 108 tet(L), tet(M),

tet(X), sul2

18 tet(M), tet(O),
tet(S) 45 tetA(P) 61 tetA(P) 89 tet(A) 109 tet(O), tet(X)

27 tetA(P), sul1 46 tet(O), tetA(P) 62 tet(M), tet(O),
tetA(P) 90 tet(L), tet(M),

tet(O) 110
tet(M), tet(O),

tetA(P),
blaTEM-1

In total, 78 (61%) of the 127 splenic samples contained one or more ARGs. The
positivity rates for the two regional groups of animals tested, based on their origin, were
similar: 62% for samples from central Italy and 59% for samples from northern Italy.
Statistical analysis revealed no significant differences (p > 0.05) in the positivity rates
between the northern and central Italy samples.

Thirteen of the 21 tested genes were detected. Specifically, amplicons for tet(A),
tet(B), tet(K), tet(L), tet(M), tet(O), tetA(P), tet(Q), tet(S), tet(X), sul1, sul2, and blaTEM-1 were
observed, whereas no positive results were obtained for tet(C), tet(D), tet(E), tet(G), sul3,
blaCTX-M, blaSHV, or mcr-1.

The tet(M) gene was detected in 31% of the samples, followed by tet(O) in 26% and
tetA(P) in 21%.

For each amplified gene, the identity of the amplicons was confirmed by comparing the
obtained sequences with corresponding entries in the GenBank database, showing 99–100%
nucleotide similarity. One sequence for each of the 13 detected genes was deposited in the
GenBank database under accession numbers PV299117–PV299129.

4. Discussion
The red fox is considered the medium-sized canid with the widest global distribu-

tion [23], and it is one of the most successful infiltrators of urbanised environments. A
key factor in the fox’s adaptability is its highly flexible diet, which includes invertebrates
(insects, earthworms), amphibians, reptiles, small mammals, birds and their eggs, fruits
and berries in spring and summer, and food sources found in landfills. The ecological
plasticity of this opportunistic predator enables it to adapt well to rural, urban, and peri-
urban environments, making it a potential sentinel in various fields of study. These include
the detection of environmental contaminants such as organochlorine pesticides or heavy
metals [24], the occurrence and spread of zoonotic diseases, and the effects of climatic
change on habitats [25]. Furthermore, foxes that feed on human waste, scavenge contami-
nated carcasses, or consume peri-domestic prey can serve as bioindicators of AMR in the
environment. In this context, Mo et al. [12] reported that foxes living in urban areas of
Norway are more likely to be exposed to antimicrobial-resistant bacteria than foxes living
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in remote areas, confirming the decisive role of anthropogenic pressure in the development
of AMR in foxes.

Although it is very difficult to ascertain the exact size of the fox population because of
the species’ elusive nature and primarily nocturnal habits, V. vulpes is believed to be widely
distributed throughout Italy and does not face any specific conservation issues, despite
being regularly hunted and subjected to numerical control measures [26].

Previous studies performed in Italy have described the occurrence of bacterial
pathogens in faecal matter or intestinal contents from red foxes [10,27–35], but only a
few of these studies [10,28,30,33] examined the antimicrobial susceptibility of the isolated
bacterial strains.

In our study, DNA extracted from splenic samples of red foxes was tested for genes
encoding resistance to tetracycline, sulphonamide, β-lactam, and colistin antimicrobials.
One or more ARGs were detected in 61% of the splenic samples. This high percentage
of positivity may be linked to the fact that both areas of origin are densely populated by
humans, suggesting significant anthropogenic pressure on the fox populations.

The detection of ARGs in the splenic samples suggests their association with bacteria
responsible for systemic infection related to bacteraemia. Spleen samples are commonly
used as samples for detecting pathogens due to the spleen’s role in filtrating blood. The
negativity of the samples tested in this study does not necessarily coincide with the absence
of infectious bacteria but exclusively indicates the absence of bacteria carrying the genes
being investigated. Cross-contamination with intestinal contents can be excluded because
the DNA was extracted from intact spleens.

The highest positivity was observed for tet genes, detected in 55% of the splenic sam-
ples tested. This aligns with the widespread phenomenon of tetracycline resistance [36],
which results from its intensive use in treating human and animal infections due to the
antimicrobial’s broad-spectrum activity, low cost, and low toxicity. In our study, we tested
14 tet genes involved in the three known tetracycline resistance mechanisms: tetracycline
efflux pumping [tet(A), tet(B), tet(C), tet(D), tet(E), tet(G), tet(K), tet(L), and tetA(P)], riboso-
mal protection [tet(M), tet(O), tet(Q), and tet(S)], and enzymatic inactivation [tet(X)]. The
high frequency of the tet(M) gene, detected in 31% of the samples, is not surprising because
this gene has been identified in at least 82 bacterial genera [37,38]. This is likely because of
its association with conjugative transposons, which appear to have lower host specificity
than plasmids [39].

The broad-spectrum bacteriostatic activity of sulphonamides accounts for their
widespread use in both human and veterinary medicine worldwide [40], leading to high
prevalence rates of sulphonamide resistance, particularly in Gram-negative bacteria from
animals and humans [41]. The target of sulphonamides is the enzyme dihydropteroate syn-
thase in the folic acid pathway. Sulphonamide resistance is plasmid-borne and associated
with the presence of sul genes, which encode a variant of the dihydropteroate synthase
enzyme with low affinity for sulphonamides. In our study, sul genes were detected in
24 (19%) of the 127 samples tested—specifically sul1 in 13% and sul2 in 6%. No positive
results were obtained for the sul3 gene, consistent with studies in the literature reporting a
higher frequency of sul1 and sul2 genes [42].

β-lactam antibiotics are among the most commonly used antibiotics because of their
minimal side effects and broad antibacterial spectrum. The major mechanism of β-lactam
resistance, particularly among Gram-negative bacteria, is the production of β-lactamases—
hydrolytic enzymes that break down the β-lactam ring, rendering the antibiotic ineffective.
Resistance to β-lactams is increasing, posing a public health concern worsened by the rapid
evolution of extended-spectrum β-lactamases (ESBLs), a group of enzymes that confer
resistance to most β-lactam antibiotics, including expanded-spectrum cephalosporins and
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monobactams [43]. The most common types of ESBLs are variants of the CTX-M, SHV, and
TEM enzymes, resulting from amino acid substitutions that alter their substrate profile.
In our study, 8% of the samples contained the blaTEM-1 gene, which encodes the TEM-1
β-lactamase. This gene requires only a few specific single-nucleotide polymorphisms to
evolve into a gene encoding an ESBL [44].

Our results, supported by reports in the literature, confirm the potential role of the red
fox as a sentinel for AMR in contaminated environments [12]. Furthermore, the detection
of ARGs in biological samples using a culture-independent method—although it does not
allow for identification of the bacterial species involved—seems to be an effective tool for
epidemiological research. This approach helps avoid potential underestimation of AMR
due to non-culturable or slow-growing bacteria [45], as well as the advanced decomposition
of carcasses, which often occurs in wildlife studies [46–49].

Despite the growing number of reports on AMR in wildlife, many aspects related
to the potential risk posed by wild animals to public and animal health remain unclear,
as do the real implications of AMR for wildlife health itself [17]. Currently, the role of
wildlife as a reservoir or vector for the spread of AMR remains hypothetical and could
be better understood through active surveillance. This could include comparing bacteria
isolated from wildlife with those from humans or domestic animals, as well as conducting
longitudinal sampling over extended periods to assess the persistence and dissemination
of AMR by wildlife within and between regions [50,51]. Unfortunately, within current
government strategies, most attention is focused on AMR surveillance in humans, domestic
and domesticated animals. Few countries mention wildlife in their AMR national action
plans, and only a small number have implemented an operational phase for wildlife
surveillance [17].

5. Conclusions
Antimicrobial resistance in natural ecosystems is of increasing concern. Many studies

have documented the presence of AMR in wildlife, proposing constant, standardised moni-
toring of AMR occurrence in wildlife to support a better understanding of the One Health
dimension of AMR. The results of this study agree with previous reports suggesting a role
of wildlife as sentinels of the presence of resistant bacteria and/or genetic determinants of
antimicrobial resistance in the environment.
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13. Skarżyńska, M.; Leekitcharoenphon, P.; Hendriksen, R.S.; Aarestrup, F.M.; Wasyl, D. A metagenomic glimpse into the gut of wild
and domestic animals: Quantification of antimicrobial resistance and more. PLoS ONE 2020, 15, e0242987.

14. Dias, D.; Hipólito, D.; Figueiredo, A.; Fonseca, C.; Caetano, T.; Mendo, S. Unravelling the diversity and abundance of the red
fox (Vulpes vulpes) faecal resistome and the phenotypic antibiotic susceptibility of indicator bacteria. Animals 2022, 12, 2572.
[CrossRef] [PubMed]

15. Terentjeva, M.; K, ibilds, J.; Avsejenko, J.; Cı̄rulis, A.; Labecka, L.; Bērzin, š, A. Antimicrobial resistance in Enterococcus spp. isolates
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