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HIGHLIGHTS

e E. coli isolates from low- and middle-
income regions harbored higher num-
ber ARGs.

e Wild birds and carnivores harbored
higher ARGs than other wild animals.

e The ARGs were associated with resis-
tance to common and last-resort
antibiotics

e The number of ARGs per genome was
higher in aquatic wild animals than
terrestrial ones.

e Wild birds, carnivores and aquatic ani-
mals could be AMR sentinels in the
environment.
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Conclusions: Wild animals, especially birds, carnivores, and those living in the aquatic environment,
could be good sentinels for the study of AMR in wildlife and the environment.

ABSTRACT

Antimicrobial resistance (AMR) is a pressing worldwide health challenge fueled by the improper and/or
excessive use of antimicrobials in humans and animals. Wild animals can acquire AMR from waste released into
the environment, being a good bioindicator of AMR pollution in that compartment. This study aimed to estimate
the global distribution of antimicrobial-resistant genes (ARGs) in Escherichia coli (E. coli) isolated from wild
animals (birds and mammals) and to assess their role as sentinels for the study of AMR in the environment. A
total of 4436 E. coli genomes were retrieved from three public databases and screened for ARGs using ResFinder,
revealing 159 unique ARGs. The tetracycline-resistant gene tet(A) was the most frequently detected (22.1 %).
The highest burden of ARGs per genome was identified in Asia (5.9), followed by Africa (5.2) and South and
Central America (5). Wild birds and carnivores harbored more ARGs per isolate than wild ungulates, bats and
other mammals. Additionally, wild animals inhabiting aquatic environment carried a higher number ARGs per
genome compared to terrestrial species. Furthermore, genomes from those groups of animals showed a higher
level of predicted resistance to classes of antibiotics widely used in humans and animals, including beta-lactams,
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aminoglycosides, tetracyclines, sulfonamides, trimethoprim, and last-resort antibiotics like colistin and carba-
penems. Given the higher burden and their presence in different ecosystems, wild animals, especially birds,
carnivores, and those living in the aquatic environment, could be good sentinels for the study of AMR pollution in

the environment.

1. Introduction

Antimicrobial resistance (AMR) is one of the major global public
health and development threats. Only in 2019, AMR contributed to 4.95
million deaths globally, with bacterial AMR alone accounting for 1.27
million deaths (Murray et al., 2022). This number is expected to rise to
10 million by 2050 with the highest mortality will be in low and middle-
income countries (LMICs) (O’Neil, 2014). Furthermore, AMR poses a
significant economic burden by increasing healthcare costs due to the
need for expensive, last-resort drugs and prolonged hospital stays. It also
impacts animal health, adding costs to the agricultural sector. The World
Bank estimates that by 2050, AMR could result in an additional US$ 1.2
trillion in healthcare costs and reduce global livestock production by
3-8 % annually, potentially reaching 11 % in a high-impact scenario
(World Bank, 2017).

Understanding the dynamics of AMR demands multisectoral sur-
veillance involving humans, animals, and the environment, including
wildlife. However, the current surveillance systems largely focused on
only livestock and humans (Anjum et al., 2021). Although a low level of
AMR is expected in wild animals due to their rare exposure to antimi-
crobials, the overlap between habitats facilitates the transmission of
resistant bacteria and genes across different habitats (Dias et al., 2015;
Jones et al., 2008). Wild animals could easily acquire the AMR bacteria
and genes released from humans, domestic animals, aquaculture and
plant agriculture, where antimicrobials are widely used (Atterby et al.,
2017; Schar et al., 2020; Miller et al., 2022), and can serve as sentinels,
reservoirs and spreaders of AMR bacteria and genes to humans and other
animals (Allen et al., 2010; Wu et al., 2018).

Wild animals, especially those living at the interface of natural and
human-modified environments, could acquire AMR bacteria and ARGs
through contaminated water, soil, or direct contact with domestic ani-
mals and humans (Guenther et al., 2011). Such exposure is prominent in
LMICs, and exacerbated by limited access to health care and veterinary
services, poor waste management, extensive use of antimicrobials in
agriculture, and close interaction between humans and animals (Khalid
et al., 2018; Sulis et al., 2022; Van Boeckel et al., 2015). Therefore, the
burden of AMR in wild animals is expected to be higher in those regions
than in high-income countries (HICs), where antimicrobial use and
waste management are better regulated, and there is better access to
health care and veterinary services (Olaru et al., 2023; Khalid et al.,
2018; Van Boeckel et al., 2015).

Antimicrobial resistance has been detected in various wild mammals
and birds, with the prevalence and patterns of resistance varying across
species and locations (Oravcova et al., 2013; Bonnedahl and Jarhult,
2014; Carroll et al., 2015). However, only a few studies include both
species and compare the prevalence of AMR among them. Some studies
have found a higher prevalence of AMR in wild birds than in wild
mammals (Lopucki et al., 2024; Smith et al., 2014), while other studies
reported a higher burden in wild mammals (Swift et al., 2019; Darwich
et al., 2019).

Habitats may also influence wildlife species’ exposure to AMR and
the extent of its dispersion in the environment (Vittecoq et al., 2016;
Swift et al,, 2019). Aquatic habitat plays a significant role in the
dispersal of antibiotics and AMR bacteria into natural ecosystems. For
instance, studies on marine mammals have demonstrated that they carry
a highly diverse range of AMR bacteria (Schaefer et al., 2009), and the
prevalence of these bacteria is increasing alarmingly (Wallace et al.,
2013).

Additionally, as natural wetlands are lost globally, water birds have

become increasingly reliant on alternative and artificial habitats, such as
wastewater treatment wetlands (Murray and Hamilton, 2010). This
reliance may facilitate the transmission of human origin AMR bacteria to
wild birds. Therefore, aquatic habitats may be more affected by AMR
contamination than terrestrial environments. However, comparing the
burden of AMR bacteria between aquatic and terrestrial wild animals is
challenging since only a few studies include animals from both habitats
(Vittecoq et al., 2016). Furthermore, recent studies have shown that the
AMR profile of E. coli isolated from sewage samples is correlated with
AMR in E. coli from the corresponding populations (Delgado-Blas et al.,
2021; Huijbers et al., 2020; Hutinel et al., 2019). Thus, E. coli could be
an important bioindicator to assess the impact of human activity on the
environment, including wild animals (Anjum et al., 2021), and indicates
that aquatic animals are at higher risk of acquiring AMR.

Studies involving genetic analysis of AMR in wildlife are limited, and
they predominantly rely on culture techniques (Blanco-Pena et al., 2017;
Jiang et al., 2013). For instance, phenotypic methods are the most
widely used for systematic surveillance of AMR in developed countries
(Aerts et al., 2019) and for epidemiological studies outlining resistance
in low and middle-income countries (Van Boeckel et al., 2019). How-
ever, a recent decrease in price and an increase in the ease of meta-
genomics have allowed a wider use of these technologies, leading to
more genomes available in public repositories. This increase in genomic
data provides a wealth of information to track trends and prevalence of
ARGs (Pires et al., 2021). Nevertheless, most isolates in public re-
positories are from humans, with less emphasis on animals (Pires et al.,
2022), and even much less on wild animals. Although some studies have
analyzed publicly available genomes to assess AMR in different bacteria
across various hosts, no study has specifically focused on E. coli from
wild animals.

Therefore, this study aims to estimate the global distribution of ARGs
in E. coli isolated from wild animals using genomes available in public
databases. It also seeks to determine the predicted prevalence of ARGs to
different classes of antibiotics among continents, host groups, and
habitats of wild animals, and to assess the role of wild animals as sen-
tinels for studying AMR pressure in the environment.

2. Material and methods
2.1. Downloading genome assemblies and metadata

Genomic assemblies deposited until 31 December 2023 were
collected from three public databases: Enterobase, the Nucleotide
Database of the National Center for Biotechnology Information (NCBI),
and the Pathosystems Resource Integration Center (PATRIC). Genomes
from NCBI and Enterobase were downloaded directly from the respec-
tive websites, while the genomes from PATRIC were downloaded
through the PATRIC command line interface. Accession numbers and
Biosamples were used to identify genomes deposited in more than one
database. Repeated genomes were removed from the dataset. The
associated metadata were downloaded from (i) the Enterobase search
strain website; (ii) the NCBI pathogen detection website; and (iii) the
PATRIC taxon view website.

2.2. Standardization of the metadata

The metadata from the three databases was inspected manually, and
entries that did not report the origin of isolates (country) were removed.
The entry was further curated using keywords including source niche,
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host name, and source type to exclude entries that did not meet the
criteria that the isolates were from wild animals. Only genomes from
wild birds and mammals were included in this study, as most of the
genomes from public repositories were from species belonging to these
taxonomic groups and were proportionally represented. Genomes from
amphibians were excluded since only 46 genomes were retrieved from
the three databases. Besides, isolates from fish were not considered as
there was no clear information in the metadata whether the fish were
from aquaculture or capture fishery, which may cause misrepresentation
of the wildlife.

Other columns were added manually to the metadata. Wild animals
were grouped as birds and mammals and further classified as migratory
birds, non-migratory birds, ungulates, carnivores, bats, and other
mammals. The classification of birds as migratory and non-migratory
was based on (Del Hoyo, 2020; Lincoln et al., 1998; Spina et al., 2023;
UNEP-WCMC, 2024), and partially migratory birds were considered as
migratory in the classification. The host group “other mammals” in-
cludes all wild mammals that could not be assigned to ungulates, car-
nivores, or bats. Based on the habitat in which they live, wild animals
were categorized as aquatic and terrestrial animals, and according to the
country of origin of the E. coli isolates a new variable “continent” was
added. List of bird and mammal species included in the study, along with
their respective host categories and natural habitats is reported in the
supplementary table (Table S1).

The final metadata table contains the following information: the
assembly ID (name of the assembly ID as identified in the database),
name of the database where the genomes were retrieved, host (whether
the wild animal was bird or mammal), host group (classified as un-
gulates, carnivores, bats, other mammals, migratory birds and non-
migratory birds), habitat of the wild animals (terrestrial versus aquatic
environment), year of strain isolation, country and continent of iso-
lations, type of ARGs, and a class of antibiotics for which the ARGs are
predicted to be resistant.

2.3. Detection of ARGs

ABRicate (version 1.0.1), using the ResFinder database, was used to
screen ARGs found in the genomes (Bortolaia et al., 2020). Matches with
an identity and coverage of >80 % were considered a positive hit, which
is default threshold for ABRicate (Lipworth et al., 2024; Vieira et al.,
2023).

2.4. Curation of predicted phenotypes

For each ARG, the predicted resistance to antibiotic classes was
retrieved from the ResFinder database (https://bitbucket.org/genomice
pidemiology/resfinder_db/src/master/notes.txt). Overall, predicted
resistance to 12 classes of antibiotics (Aminoglycoside, Amphenicol,
Beta-lactam, Fosfomycin, Lincosamide, Macrolide, Colistin, Rifampicin,
Sulfonamide, Tetracycline, Trimethoprim, and Quinolone) was identi-
fied. A list of ARGs and their respective predicted resistance phenotypes
is described in the supplementary table (Table S2).

2.5. Data analysis and statistics

R-software (version 4.3.2) was used to explore and analyze the
dataset. R-packages tidyr and dplyr were used to organize the data matrix
and ggplot2 was used to generate graphs (R Core Team, 2024). Kruskal-
Wallis test was used to assess whether the difference in the number of
ARGs per genome between continents and host groups was statistically
significant (p < 0.05), and pairwise Wilcoxon test was used as a post-hoc
test to identify between which groups exactly the difference occurred.
Besides, Wilcoxon test was used to assess whether the difference in the
number of ARGs between habitats of wild animals was statistically sig-
nificant. Logistic regression was used to assess whether the difference in
the prevalence of specific ARGs and predicted resistance to antibiotic
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classes per continent, host groups, and habitats was statistically signif-
icant (p < 0.05).

3. Results
3.1. Global E. coli genome dataset from wildlife

Overall, 4436 unique genome assemblies were retrieved from the
three public databases: the majority of the genomes 70.2 % were from
Enterobase (n = 3114), followed by 28 % from NCBI (n = 1243), and
only 1.78 % were from PATRIC (n = 79) (Fig. S1A). About 58.1 % of the
genomes were recovered from birds, while the remaining 41.9 % were
from mammals (Fig. S1B). According to the habitat of wild animals, 56
% of the retrieved genomes were from terrestrial animals (n = 2483) and
the remaining 44 % were from aquatic animals (n = 1953) (Fig. S1C).

Geographically, the largest part of the isolates was from North
America (n = 1571, 35.4 %) and Oceania (n = 1408, 31.7 %) (Fig. S2A),
with most isolates from the United States of America (n = 1498, 33.8 %)
and Australia (n = 1348, 30.4 %) (Fig. S2B). The dataset includes ge-
nomes isolated from 1970 to 2023. The highest number of genomes was
from 2019 (n = 958, 21.6 %), followed by 2017 (n = 693, 15.6 %) and
2016 (n = 538, 12.1) (Fig. S2C). Based on the host group, the highest
number of genomes was from non-migratory birds (n = 1321, 29.8 %)
and migratory birds (n = 1258, 28.4 %), while the lowest was from bats
(n =179, 4 %) (Fig. S2D).

A total of 15,237 ARGs were identified, including 159 unique ARGs.
However, mdf(A) gene was removed from the dataset since it is an
intrinsic resistance gene of E. coli, and the remaining genes were
considered for further analysis. The most abundant ARGs detected were
tet(A) (22.1 %), sul2 (21.2 %), aph(6)-Id (21.2 %), aph(3")-Ib (20.6 %),
blatgm-18 (18.4 %), sull (14.2 %), mph(A) (10.8 %), and tet(B) (9.7 %)
(Fig. 1A). The overall data analysis showed that 41.8 % of the genomes
harbored at least one ARG associated with beta-lactam resistance, fol-
lowed by aminoglycoside and tetracycline (31.5 % each), sulfonamide
(29.6 %), and trimethoprim (22.7 %). Only 0.9 % of the genomes con-
tained ARGs linked to lincosamide resistance (Fig. 1B).

3.2. Geographic distribution of ARGs

There was a significant difference (p < 0.05) in the number of ARGs
per genome among different continents, with the highest in Asia (5.9),
followed by Africa (5.2) and South and Central America (5), and the
lowest in North America (2.2) (Fig. 2A). Although the prevalence was
different, the genomes from Asia, Europe and Oceania had at least one
ARG associated with all the 12 classes of antibiotics. Africa and Asia had
the highest number of ARGs associated with resistance to most classes of
antibiotics, including beta-lactam, aminoglycoside, tetracycline, sul-
fonamide, trimethoprim and quinolone. Additionally, genomes from
Asia showed the highest frequency of ARGs resistance to amphenicol,
colistin and fosfomycin. Resistance per class of antibiotics was highest
for beta-lactam across all continents, with 73.6 % in Africa, 69.2 % in
Asia, 53.1 % in Oceania, 37.8 % in South and Central America, 37.4 % in
Europe and 28.6 % in North America, and these differences were sta-
tistically significant. Notably, no ARGs were detected for rifampicin,
colistin and lincosamide in Africa; for colistin in North America; and for
lincosamide in South and Central America (Fig. 2B).

The most abundant ARGs identified slightly varied among conti-
nents. For instance, in Africa the most abundant ARGs detected were
blactx.m-15 (63.6 %); in Asia, tet(A) (42.4 %); in Europe, tet(A) (22.3 %);
in North America, aph(6)-Id (15.8 %); in Oceania, blatgy.1p (27.5 %),
and in South and Central America, tet(A) (29.3 %) (Fig. 2C). Among
ARGs associated with resistance to clinically important antibiotics, ESBL
genes were the most widely distributed, with blacrx.y being the most
frequently detected. Europe and Oceania were the only continents
where the two colistin-resistant genes (mcr-1 and mcr-9) were detected.
However, the prevalence of mcr-1 was extremely high in Asia (26.3 %),
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Fig. 1. A: Barplot showing the most abundant ARGs detected (prevalence >8 %). B: Barplot showing the predicted resistance per class of antibiotics.
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while mcr-9 was higher in South and Central America (12.2 %). How-
ever, this difference was not statistically significant (p > 0.05). Most
carbapenem-resistant genes, including blaoxa.4s, blaoxa-245, blanpm.1,
blaNDM_5, blaVIM_l, blaVIM_4 and bl(l}(pc_z, were identified in Europe, but
their prevalence was lower than 2 %. The highest prevalence of blaxpy.s
was observed in South and Central America (13.4 %) and Asia (5.1 %),
whereas blapyp.4 was detected only in Oceania, with a prevalence of
around 6.8 % (Fig. S3).

3.3. Wild birds carry more ARGs than wild mammals

Wild birds harbored more ARGs per genome than mammals, with 4.8
and 1.5 ARGs per isolate, respectively. Among groups of wild animals,
non-migratory birds had the highest ARGs per genome (5), followed by
migratory birds (4.7) and carnivores (3.7), while the lowest was in un-
gulates and bats with around 1 ARG per genome (Fig. 3A).

Overall, wild birds (migratory and non-migratory) and carnivores
harbored isolates with the highest level of resistance (>30 %) to the
most common classes of antibiotics, including beta-lactams, tetracy-
clines, aminoglycosides and sulfonamides. In contrast, bats, ungulates
and other mammals exhibited lower level of resistance (< 21 %) for all
antimicrobials, with no resistance associated with rifampicin and lin-
cosamides detected. Besides, no resistance to macrolides, colistin and
fosfomycin was found in bats, and no resistance to colistin was observed
in ungulates (Fig. 3B).

Differences in the distribution of ARGs among host groups were
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observed. The most frequent ARGs observed in carnivores, migratory
and non-migratory birds were tet(A), sul2, aph(6)-Id and blatgym-1, with
the latter also frequently detected in bats. Aminoglycoside-resistant
genes (aph(6)-Id and aph(3")-Ib) showed relatively similar within-host
group prevalence across all host groups. However, their prevalence
varied between host groups, with the highest frequencies observed in
carnivores, migratory and non-migratory birds (Fig. 3C). Except for
other mammals, ESBL genes were found in all host groups, with blactx.m
genes being the most frequently detected. Specifically, a high prevalence
of blacTx.m-15 was observed in migratory birds (16.9 %). Both migratory
and non-migratory birds were the only host groups that harbored mcr-1
and mcr-9 genes, with the prevalence being higher in non-migratory
birds. In contrast, no colistin-resistant gene was detected in bats and
ungulates. The carbapenem-resistant gene (blapyp.4) was abundant in
non-migratory birds (7.3 %), whereas blapgxa.4g was more prevalent in
migratory birds (1.6 %). Remarkably, no carbapenem-resistant gene was
found in genomes from carnivores and other mammals (Fig. S4).

3.4. Habitat ecology drives the distribution of ARGs in wildlife

The distribution of ARGs also varies among the habitats where wild
animals live. Wild animals living in aquatic habitats had 4.5 ARGs per
genome, while their counterparts in the terrestrial environment had only
2.6 ARGs. With the exception of fosfomycine and lincosamide, resis-
tance to all classes of antibiotics was higher in aquatic animals than in
terrestrial ones. The highest level of resistance detected in both groups of
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animals was for beta-lactams with a prevalence of 56.5 % in aquatic and
30.2 % in terrestrial animals (Fig. 4A).

The most abundant ARGs detected in aquatic animals were aph(6)-Id
(27.5 %) and aph(3")-Ib (26.7 %), while tet(A) (19.8 %) and sul2 (17.6
%) were abundant in terrestrial animals. In addition, aph(6)-Id and aph
(3")-1b showed similar within-habitat prevalence (Fig. 4B). Wild animals
in aquatic environment harbored more ARGs resistant to the three
clinically important antibiotics than their counterparts in the terrestrial
ecosystems. In terrestrial wild animals, blaxpy.s was the only
carbapenem-resistant gene identified, whereas approximately ten ARGs
resistant to carbapenem were detected in aquatic animals, with blapyp.4
being the most abundant (4.9 %). The prevalence of colistin-resistant
genes (mcr-1 and mcr-9) was higher in aquatic animals. Furthermore,
the most frequently detected ESBL-resistant gene in aquatic and terres-
trial animals was blacrx.m.15, with a prevalence of 7.7 % and 7.1 %,
respectively (Fig. S5).

4. Discussion

Theoretically, since wild animals are not treated with antimicrobial
agents, they should not be directly implicated in the selection and
development of AMR. However, it has been suggested that they can act
as reservoirs, “mixing pots” and disseminators of AMR, resulting in
important bioindicators of the impact of human activities on the envi-
ronment (Allen et al., 2010; Bonnedahl and Jarhult, 2014; Wu et al.,
2018). Most studies on AMR are focused on humans and livestock. There
are few studies on AMR in E. coli isolated from wild animals, but most of
them focus on a few species and in restricted areas. The current study is
the first study that includes worldwide E. coli genomic data from
different wild animal species and shows the distribution of AMR across
geographic regions, host categories and habitats of wild animals.

Overall, the genomes recovered from public databases showed a
higher level of resistance to beta-lactams, aminoglycosides, tetracy-
clines, sulfonamides, trimethoprim and quinolones, antibiotics most
commonly used in livestock and/or humans (Browne et al., 2021; Can-
eschi et al., 2023; Van Boeckel et al., 2017). Our finding shows a po-
tential link between the occurrence of AMR in wild animals and the

misuse or overuse of antimicrobials in humans and livestock. Even
though the highest level of resistance was detected in beta-lactams, the
most dominant ARG detected was tetracycline resistant gene tet(A). This
was due to the detection of a higher number of ARGs resistant to beta-
lactam, as 58 (36.5 %) of the total 159 ARGs detected were beta-
lactam-resistant genes (Table S2).

The present study revealed that the number of ARGs per genome
varies across continents. The highest ARG per genome was detected in
Asia, Africa and South and Central America, respectively, in decreasing
order. However, this result should be interpreted with caution, given
differences in health regulations and the use of antibiotics between
countries in the same continent. This result was in line with the findings
of Pursey et al. (2023), who reported high ARG carriage in most parts of
Asia, Northern Africa, and South America using E. coli genomes from
humans, domestic animals and wild animals. The high burden of AMR in
these regions could be associated with poor hygiene and sanitation,
limited access to quality healthcare, and the lack of regulations on the
use of antibiotics in humans, animals and crops (Sulis et al., 2022). This
coupled with poor waste management in some of these regions could be
associated with the high prevalence of AMR in wild animals.

For instance, it is estimated that about 92 % of wastewater is dis-
charged untreated in low-income countries, while only 30 % is released
untreated in high-income countries (Khalid et al., 2018). Furthermore,
the higher burden of AMR could be associated with the extensive live-
stock production system and the low biosecurity measures in those re-
gions, which leads to the close interaction between livestock and wildlife
(Jori et al., 2021).

According to Mulchandani et al. (2023) and Tiseo et al. (2020),
antibiotic consumption in food-producing animals was and is expected
to remain high in Asia, South America, Europe, North America, Africa
and Oceania in decreasing order. The prevalence of ARGs in wild ani-
mals in the present study mirrors this finding, except for the fact that
Africa and Oceania had lower antibiotic use but higher ARGs than
Europe and North America. On the contrary, a higher rate of antibiotic
use in humans was seen in North America and Europe, while the lowest
rate was observed in sub-Saharan Africa and most parts of Asia (Browne
et al., 2021). However, the antibiotic use data both in humans and
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animals may not show the real situation as most countries, especially
LMICs, do not report their data. For instance, the estimation of antibiotic
consumption in food animals was based on reports from only 42 coun-
tries worldwide (Mulchandani et al., 2023).

Genomes from Asia harbored a remarkably higher mcr-1 gene than
those in other continents. This could be due to the high consumption of
colistin in some Asian countries, especially China, the leading consumer
and producer of colistin worldwide (Shen et al., 2016), until its ban in
2017. However, this variation might be also be attributed to sequencing
bias, as many of the genomes may have been derived from studies
specifically focusing on this gene. Furthermore, the higher detection rate
of blacrx-m-15 in Africa is likely influenced by such targeted sequencing
efforts. Given the limited accessibility and sequencing capacity in the
region, most genomes from the region are more likely to be targeted.

In the present study, the distribution of ARGs also varies among
different wild animal host groups. Wild birds had a higher ARGs per
genome than wild mammals. This finding was consistent with previous
phenotypic-based studies. Smith et al. (2014) found higher AMR bac-
teria in wild birds than in wild mammals. Genomes from migratory birds
harbored a high number of blacrx.m genes (ESBLs), mainly blacrx-m-15
genes. Although lower than in non-migratory birds, the higher ARGs in
migratory birds could be associated with their migratory pattern, which
magnifies the acquisition and dissemination of AMR over long distances
(Bauer and Hoye, 2014; Stedt et al., 2014).

Non-migratory birds had a higher ARGs per genome and showed a
relatively higher level of resistance for most classes of antibiotics except
aminoglycoside, beta-lactam, sulfonamide and tetracycline. In addition,
genomes from non-migratory birds had a higher level of resistance to
critically important antibiotics including rifampicin and quinolone and
harbored a higher prevalence of colistin (mcr-1 and mr-9) and carba-
penem (mainly blapp.4) resistant genes. Non-migratory birds may not
travel long distances but have the potential to spread AMR from hotspot
areas to vulnerable populations (Arnold et al., 2016).

Wild carnivores had the highest ARGs per genome and a higher
prevalence rate for all classes of antibiotics than any other wild mam-
mals (ungulates, bats and other mammals). It has been reported that
wild carnivores can acquire AMR bacteria in several ways; however,
exposure to resistant isolates from anthropogenic sources and domestic
animals is the main means of acquisition (Osinska et al., 2020; Sherley
et al., 2000). Therefore, the result of the current study could be associ-
ated with the impact of anthropogenic activity in contaminating the
environment, given carnivores’ synanthropization behavior and large
territorial coverage (Osinska et al., 2020).

Analysis of the ARGs distribution among habitats of wild animals
showed that aquatic animals had a higher number of ARGs per isolate
and a higher level of resistance to all classes of antibiotics, except fos-
fomycine and lincosamide, than those living in the terrestrial environ-
ment. Besides, the number of ARGs associated with resistant to
carbapenem and ESBL genes were higher in aquatic animals. This
finding supports the hypothesis that proximity to water bodies increases
the likelihood of carrying AMR E. coli and is in line with the findings of
other phenotype-based studies. For instance, it has been reported that
wild small mammals living in a coastal area had a higher carriage rate
and abundance of AMR E. coli than their inland counterparts (Furness
et al., 2017). In addition, Jobbins and Alexander (2015) found that
water-associated species (wild animals living or foraging in the aquatic
environment) had a higher level of antibiotic resistance than non-water-
associated species.

Most studies on the role of aquatic ecosystems in the selection of
ARGs and AMR bacteria focus on aquaculture, as antibiotics are
commonly used in this sector (Cabello et al., 2013). However, the pre-
sent study showed that free-living wild animals living in the aquatic
ecosystem could also play a role in the spread of AMR through water
bodies. The higher burden of ARGs in aquatic wild animals could indi-
cate the impact of human activities on the aquatic environment, as
wastes from humans and livestock production can enter the waterways
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through runoff and sewage breaks. On the other hand, given that the
contaminated water could be used for agricultural practices including
crop production and aquaculture, it could be a further source of AMR for
humans and domestic animals.

4.1. Limitations of the study

The present study comes with limitations. First, a substantial pro-
portion of the genomes (over 60 %) originate from just two countries,
the United States of America and Australia, while countries from Asia,
Africa and South and Central America are represented by 8.2 % ge-
nomes. This uneven representation may introduce bias when interpret-
ing the number of ARGs per isolate. Another limitation was the lack of
standardized metadata, which led to the removal of those genomes from
the analysis and could underestimate the burden of AMR in wild
animals.

5. Conclusions

Overall, the burden of AMR in wildlife was higher in Asia, Africa and
South and Central America. This finding highlights the impact of anti-
biotic misuse or overuse and other anthropogenic activities, like poor
management of waste, on the occurrence of AMR in the environment. In
addition, wild birds and carnivores harbored a higher number of ARGs
per isolate and had the highest level of AMR to antibiotics widely used in
humans and animals, as well as critically important or last-line antibi-
otics. In contrast, the lowest level of AMR, with barely 1 ARG per
genome, was detected in bats and ungulates. Wild birds, mainly non-
migratory birds, showed the highest prevalence of colistin-resistant
genes. Furthermore, aquatic wild animals had a higher level of resis-
tance to most classes of antibiotics and a higher number of ARGs per
genome than terrestrial wild animals. Therefore, given the higher
burden of AMR and the fact that they live in a diverse ecosystem, wild
birds (migratory and non-migratory), carnivores, and all wild animals
living in the aquatic environment could be good sentinels for the study
of AMR pressure in wild animals and the environment.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2025.179742.
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