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Human-wildlife ecological interactions
shape Escherichia coli population and
resistome in two sloth species from
Costa Rica
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Antimicrobial resistance (AMR) is aglobal health concern,with natural ecosystemsacting as reservoirs
for resistant bacteria. We assessed AMR in Escherichia coli isolated from two wild sloth species in
Costa Rica. E. coli from two-toed sloths (Choloepus hoffmanni), a species with greater mobility and a
broader diet, showed resistance to sulfamethoxazole (25%), tetracycline (9.4%), chloramphenicol
(6.3%), ampicillin (6.3%), trimethoprim (3.1%), and ciprofloxacin (3.1%), which correlated with the
presence of resistance genes (tet(A), tet(B), blaTEM-1B, aph(3”)-Id, aph(6)-Id, sul2, qnrS1, floR and
dfrA8). E. coli from three-toed sloths (Bradypus variegatus) showed 40% resistance to
sulfamethoxazole despite no detected resistance genes, suggesting a regional effect. A significant
negative correlation was found between AMR and distance to human-populated areas, highlighting
anthropogenic impact on AMR spread. Notably, E. coli isolates from remote areas with no human
impact indicate that some ecosystems remain unaffected. Preserving these areas is essential to
protect environmental and public health.

Antimicrobial resistance (AMR), stemming from the widespread use of
antibiotics, constitutes modern medicine’s foremost challenge. Many
antimicrobial-resistant bacteria (ARB) emerge and disseminate in animal
contexts, anda correlationbetweenanthropogenic activities andAMRlevels
has been demonstrated1,2. Extensive studies have been conducted regarding
this premise on humans, domestic animals, and livestock. Antibiotic con-
sumption in animal production has reached up to 70% of global usage, and
for decades, they have been administered as growth promoters or
prophylactically3. In recent years, implementing regulatory changes to
control AMR in many countries has drastically reduced livestock antibiotic
consumption and AMR levels4. However, the development and spread of
ARBs and antimicrobial resistance genes (ARGs) are still possible through
the manure and wastewater of farms and slaughterhouses5. AMR remains
one of themost significant challenges in livestock farming and canbecome a
source ofARGs for humans andother animal bacteria, including those from

wildlife. For its surveillance, a few bacteria have been considered sentinels,
such as Escherichia coli, a common, ubiquitous bacterial species in most
homeothermic species. It is easy to cultivate, highly survivable in the
environment, and readily acquiresAMRmechanisms.Moreover, it has been
described as a good indicator of the selective pressure imposed by anti-
microbial exposure in animals and, as a pathogen,E. coli stands out as one of
the significant contributors to the increasing deaths associatedwithAMR in
recent years (approximately 25% of death related to AMR in 2019 were
attributable to E. coli)6,7.

Wildlife is supposed to interact little with human activities and,
therefore, is less exposed to anthropogenic AMR8. For this reason, studies
assessing the level of interaction between ecologically significant wildlife
species and human activity are indispensable for comprehending the extent
of anthropization in ecosystems and the dynamics of pathogenic agents and
AMRs. Besides, an increasing number of species considered urban wildlife
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have closer contactwithhumanactivities, as theyobtainunlimited resources
to live, feed, and reproduce from cities9. In this sense, species such as rac-
coons (Procyon lotor) or tapirs (Tapirus bairdii) are more prone to AMR
acquisition than non-urban wildlife species and can serve as a nexus
between cities and ecosystems in the ARB spread8,10,11. Assessing the AMR
dynamics in wildlife species is crucial to understanding their role in eco-
systems and controlling ARB’s origin, reservoir, and spread. However,
studies about AMR in wildlife are scarce, and its repercussions in natural
ecosystems remain poorly understood12.

In this context, Costa Rica is known as one of the most biodiverse
countries on the planet. It is recognized as a global biodiversity hotspot due
to its rich variety of plant and animal species13. Previous studies have also
identifiedAMR in isolates of rescuedwildlife at a local rescue center14.Many
Costa Rican species, such as Hoffmann’s two-toed sloth (Choloepus hoff-
manni) and the three-toed sloth (Bradypus variegatus), are threatened by
human activities like deforestation, habitat fragmentation, hunting, and
pollution15. These sloths are iconic indigenous specieswith critical ecological
roles. The ecological differences between the two sloth species are notable,
particularly in their feeding habits. Two-toed sloths are primarily folivores
and have a more varied diet that includes flowers, shoots, and fruits. and
move in extensive areas16,17, while three-toed sloths are strictly folivores,
relying on various arboreal leaves andmoving very little froma specific deep
forest area18,19. During the past decades, the increase in human activities has
led to the rise of sloth habitat disturbance and the closer interaction between
those species20.

In the present study, we analyzed theARGs ofE. coli populations using
the two speciesof sloths fromCostaRica as indicators. Themain objective of
this research was to understand the impact of anthropogenic influence and
ecological space on the bacterial and genomic composition of the E. coli
populations in both sloth species. For this purpose, we assessed the resis-
tome of two-toed and three-toed sloths from Costa Rica.

Results
Bacterial identification and AMR phenotypic evaluation
All the sloths were positive for confirmed E. coli, recovering a total of 47
isolates: 32 from two-toed sloths and 15 from three-toed sloths. AST

revealed low levels of AMR inE. coli isolates fromboth sloth species. In two-
toed sloth isolates, resistance to SMX (25%, 8/32), TET (9.4%, 3/32), CHL
(6.3%, 2/32), AMP (6.3%, 2/32), TMP (3.1%, 1/32), and CIP (3.1%, 1/32)
was found, whilst only SMX resistance was observed in three-toed sloths
(40%, 6/15) (Fig. 1; Supplementary Data 1).

Moreover, two of the two-toed sloth isolates were identified as MDR,
comprising 25% of the resistant isolates (2/8) and 6.3% of the total isolates
(2/32). One exhibited resistance to five antibiotic classes (SMX-CIP-TET-
CHL-AMP), while the other showed resistance to four classes (SMX-TMP-
TET-AMP). Notably, MDR isolates were obtained from two-toed sloths,
bothadultmales, and collected3.20 kmapart,with a time interval of 32days.

In contrast, 24 E. coli isolates demonstrated susceptibility to all 14
antimicrobials, constituting 75% of the total two-toed sloth isolates tested
(24/32).

E. coli population structure
The 47 E. coli isolates exhibited a significant diversity, with 39 distinct
Sequence Types (STs) identified across all samples (Fig. 1). In two-toed
sloths, 27 different STs were recovered from 32 samples, while in three-toed
sloths, there were 12 STs from 15 samples. Five new STs were identified and
submitted to Enterobase for ST assignation (four isolates from ST12527,
ESC_WA6892AA, ESC_YA9347AA, ESC_YA9349AA, and ESC_-
ZA0040AA; ST13059, ESC_ZA4827AA; ST13060, ESC_YA9348AA;
ST13061, ESC_YA9350AA; and ST13061, ESC_YA9351AA).

Regarding population diversity, it was observed that 40% (6/15) of the
isolates obtained from three-toed sloths belonged to the novel STs, under-
scoring the richness and uniqueness of the E. coli population in this species.
The ST12527 described in this studywas found in four isolates of three-toed
sloths in entirely separate locations, but it was not found in the two-toed
sloth. This species also identified two other isolates, attributed as ST13060
and ST13061. In contrast, for the two-toed sloth, only 6.3% (2 out of 32) of
the STs were newly discovered (ST13259 and ST13062), while the
remaining STs had already been described in previous studies. Based on the
core genome, the single-nucleotide polymorphism (SNP) distance between
the isolates ranged from 42 to 105,412 SNPs. Notably, there were only 42
SNPs between isolates BB1587 and BB1589 (ST12527), even though the

Fig. 1 | Phylogenetic tree of E. coli isolates constructed based on core-
genome SNPs. The tree reflects the phylogenetic relationships among the isolates
and includes associated data on phylogroups, STs, AMR profiles, ARG content

(Resfinder Database), and plasmid replicons identified (Plasmidfinder and MOB-
Suite). * Replicon detected only with MOB-suite. Tree created with FastTree and
edited with iTOL and Microreact.org.
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three-toed sloths sampled were from two locations, 4.72 km apart and
separated by 17 days. A similar observation was made with isolates BB1583
and BB1584 (ST12527), where only 52 SNPs differentiated them. These
strains were isolated from two three-toed sloths (an adult and a baby,
respectively) rescued from two geographical locations 3.95 km apart and
admitted to the JCR one day apart (on 10/10 and 11/10, respectively). This
novel ST appeared to be highly conserved in this sloth species.

The analysis revealeddistinct E. coliphylogroups in the two-toed sloth,
encompassing phylogroups A, B1, B2, D, F, and G. Conversely, the three-
toed sloth exhibited a different phylogroup distribution, featuring B1, B2, D,
E, and G (Fig. 1).

Antimicrobial resistance genes and plasmid content
Resistome analysis revealed a core set of intrinsic resistance genes exhibiting
high prevalence across the studied population. Specifically, 41 genes were
identified in ≥80% of the isolates, with a subset of 37 genes detected uni-
versally across all 47 strains (Supplementary Data 1). This core resistome
comprised key components of efflux systems (e.g., mdtABCDEF, emrAB,
acrB, acrD, acrA, acrF, acrS, acrE, tolC, mdfA, mdtP) and global regulatory
elements (eptA, yojI, CRP, H-NS, cpxA, baeR, baeS), as well as the beta-
lactamase gene ampC.

However, most isolates (90.6%; 29/32) did not exhibit acquired resis-
tance genes. ARGs were identified in 9.4% (3/32) of the isolates from the
two-toed sloth, encompassing a variety of genes including those for tetra-
cyclines (tet(A), tet(B)), beta-lactams (blaTEM-1B), aminoglycosides (aph(3”)-
Id, aph(6)-Id), sulfonamides (sul2), quinolones (qnrS1), amphenicols (floR),
and diaminopyrimidines (dfrA8).

Unexpectedly, no acquiredARGswere identified in the isolates from
the three-toed sloth, which did not correlate with the phenotypic resis-
tance profiles exhibited against sulfamethoxazole. The identity for
detecting any acquired gene related to sulfonamide in the ResFinder
database decreased to 30% (default parameters ResFinder were 90%
identity and 60% coverage). However, no sul genes were found in almost
all these isolates, except for isolate BB1574, where the sul2 gene was
identifiedwith 100% identity and 100% coveragewhen compared against
the ResFinder database.

Furthermore, analysis of non-synonymous mutations in Bakta-
annotated coding sequences between resistant isolates and closest sensi-
tive isolates (BB1559 vs BB1569, BB1584 and BB1587 vs BB1583, and
BB1591 vsBB1563; Fig. 1) did not reveal any significantly affectedmetabolic
pathway or previously described genetic mutation common to all resistant
isolates that would account for the observed AMR phenotypic values.

In contrast, the scenario concerning plasmid content exhibited stark
differences. In the case of the two-toed sloth, plasmids were identified in
59.4% (19/32) of the isolates. Meanwhile, a higher percentage was observed
in the three-toed sloth, precisely 93.3% (14/15) of the isolates. The main
plasmid replicons detected in both species isolates were ColRNAI, IncFIB,
and IncFII.

Biological and geographic factors
Statistical analysis using a GLM revealed varying degrees of influence of
biological factors (sloth species, age, and sex) and spatial variables on phe-
notypic AMR levels in the isolates. Most biological factors were not statis-
tically significant, indicating that they do not exert strong individual effects
on phenotypic AMR. Specifically, sloth species (p = 0.8471), sex
(p = 0.5574), and age (p = 0.0749 for babies and p = 0.6737 for juveniles) did
not present significant associations with AMR levels.

In contrast, the proximity to district centroids orminimumdistance to
district centroids was statistically significant (β =−0.0017, p = 0.0277). This
result indicates that sloths located closer to district centroids aremore likely
to exhibit phenotypicAMR.Thenegative coefficient suggests that proximity
to these centroids—used as proxies for areas of human activity—is asso-
ciated with an increased presence of AMR determinants.

The overall model fit was assessed using residual deviance (Residual
deviance = 39.777 on 31 degrees of freedom) and the Akaike Information
Criterion (AIC = 71.777), indicating an acceptable balance between model
complexity and explanatory power.

Figure 2 illustrates the spatial relationship between sloth sampling
points, phenotypic AMR levels, and areas of varying human population
density across Limón,CostaRica.High population density areas,marked by
hatching, align with urbanized zones and serve as indicators for human
activity. At the same time, district centroids provide standardized reference

Fig. 2 | Phenotypic AMR heatmap of E. coli isolates according to geographic
distribution in Canton de Talamanca. Point size represents the number of indi-
viduals sampled, and the color indicates the number of antibiotics for which phe-
notypic AMR was detected (# of Resistance), from 0 (green) to 7 (red). The map

highlights regions with larger human populations and includes centroids with a
2000-unit radius. Sloth populations are predominantly clustered along the
coastal area.
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points to measure sloth proximity to these regions. Higher AMR levels are
observed near densely populated areas like Talamanca and coastal regions,
emphasizing the impact of human activity.

Discussion
The present pilot study described phenotypic AMR in various isolates from
sloth species inhabiting the southern region of Costa Rica. Despite the
importance of AMR and the ecological niches of sloths in Costa Rica, only
one study has been previously published on this subject20. Interestingly,
phenotypic AMR levels detected in the present study are comparatively
lower than those reported by Fernandes et al.20. This variance can likely be
attributed to the sampling strategy, which exclusively focused on wild ani-
mals, excluding individualswith potential human contact.Despite this, two-
toed sloths showed phenotypic AMR to several antibiotics previously
identified, including AMP, TET, CIP, and CHL20. However, we uncovered
resistance to TMP and SMX, constituting the first documented report of
these resistance profiles in sloths. Notably, among two-toed sloths, only two
isolates were characterized as MDR (6.3%, 2/32). At the same time, Fer-
nandes et al.20 detected a higher percentage of MDR in E. coli (10%, 4/40)
and one extensively drug-resistant (XDR) isolate from a sloth previously
treated in a wildlife rescue center20. Conversely, the only phenotypic AMR
identified in three-toed sloths was SMX. This discrepancy might signify a
distinction between the species. It is important to note that over 2/3 of the
rectal samples were from two-toed sloths. Beyond dietary differences, the
spatial ecology of the two sloth species also differs, possibly linked to var-
iations in their microbiome or AMR8. Moreover, two-toed sloths spend
about 20% of their time on the forest floor, compared to 12% for three-toed
sloths16,21 exposing them to a more diverse bacterial environment. This
highlights their distinct ecological roles and dietary niches, which could
increase the probability of ARB acquisition16,21. These sloths, considered
keystone species for ecosystem conservation, play a crucial role in main-
taining vegetal biodiversity and mutualism with moths and algae22.

Furthermore, our study delved into the genomic profiles of different
E. coli strains, an aspect previously overlooked in this wildlife species.
The considerable diversity among the various E. coli isolates within the
same environment is striking. Overall, we identified 39 distinct STs,
representing a wide range of variations with low repetition, particularly
within the same ecological niche and geographical location. Five newSTs
were also described, highlighting the lack of data from this ecogeo-
graphical context. Five STs were isolated twice (ST155, ST127, ST939,
ST720, ST394), and one was isolated from four different three-toed
sloths (ST12527), each from different locations, sexes, and ages. This ST
appeared highly conserved, as evidenced by the limited SNP distances
between the isolated bacteria. Both isolates, with only 42 SNPs of dif-
ference, belonged to ST12527 (BB1587 and BB1589) in the three-toed
sloths and were found in a 17-day frame in two different locations.
Although rapid bacterial evolution or environmental pressure could
influence these circumstances, in this case, it is more likely due to a
common sharing area or a direct or indirect bacterial transmission
between individuals. These findings suggest that similar E. coli strains
are present in this wildlife species, even across different geographical
areas, pointing to a bacterial homogeneity probably caused by a highly
conserved lifestyle. Regarding the distribution of phylogroups, a few
isolates belonging to theA, E, and F phylogroups are the only differences.
Therefore, our results suggest ST differences but a similar phylogroup
composition that is preserved.

Acquired ARGs are widespread, extending even into wildlife
populations8. The widespread occurrence of acquired genes in our study
strongly suggests that intrinsic resistance within these strains is likely
maintained through clonal propagation and constitutes a stable component
of their core resistome. It is crucial to recognize that animals with minimal
human interactionmay still harbor acquiredARGs23. TheAMRgenes found
in the samples, including tet(A), tet(B), blaTEM-1B, aph(3”)-Id, aph(6)-Id,
sul2, qnrS1, floR, and dfrA8, were entirely concordant with the observed
phenotypic resistance in the two-toed sloth isolates. This observation

demonstrates the inherent ability of E. coli to acquire and maintain resis-
tance determinants, which might result from the adaptation to environ-
mental antibiotic pressures. These findings are supported by the country’s
significant prevalence of ARGs, as indicated by elevated antibiotic residue
levels24. On the contrary, there was a lack of acquired SMX-resistance genes
in all the isolates that presented resistance against that antibiotic in the three-
toed sloth and eight isolates in the two-toed sloth. This absence of acquired
ARGs suggests the presence of unidentified mechanisms of SMX resistance
that are not conferred by sul-like genes. Notably, our analysis identified
multiple intrinsic drug-resistance efflux pumps that could contribute to the
observed SMX resistance phenotype. Importantly, intrinsic efflux pump
genes, even in the absence of genetic mutations, can drive resistance phe-
notypes through overexpression or increased activity, often triggered by
environmental stressors or regulatory changes (e.g., upregulation of marA
or soxS regulators). Such systemsnotonly confer resistance to antibiotics but
also enhance tolerance tobiocides, detergents, andother toxic compounds25.
However, comparative genomic analysis revealed no genetic divergence in
these efflux pump systems between clonally related resistant and susceptible
isolates. Furthermore, none of the protein variants identified between clo-
sely related isolates with different SMX-resistance phenotypes analyzed
could be associated with metabolic mechanisms of resistance to sulfona-
mides described before, such as detoxification routes, p-aminobenzoic acid
hyperproduction, or sulfonamide-resistant dihydropteroate synthetase
mutations26. These findings suggest that the observed SMX resistance dis-
parities between closely related clonal isolatesmay arise fromtranscriptional
variations (e.g., differential expression of efflux pump regulators) or post-
translational modifications affecting pump activity, rather than genetic
alterations in the efflux pump genes themselves27. Since this undefined SMX
resistance was identified across different STs and phylogroups, the observed
phenotype could reflect either a species-wide regulatory feature in E. coli
(e.g., conserved stress response pathways) or a horizontally transferable
mechanism if the implicated regulators are linked to mobile genetic ele-
ments. Experimental validation through transcriptomic profiling (e.g.,
RNA-seq) and efflux pump inhibition assays would help elucidate these
putative regulatory drivers, highlighting the need to characterize novel
resistance mechanisms in understudied ecological niches.

Surprisingly, in the present study, a large number of plasmid
replicons were found in isolates from three-toed sloths (93.3%), coin-
cidentally, the species with no acquired ARGs. A similar situation was
observed in the two-toed species, but in a lower percentage (59.4%).
Acquiring and maintaining plasmids might entail a high fitness cost for
the bacteria, which can result in slower colony growth28. Therefore,
plasmid maintenance could have a biological function in this ecological
niche and confer significant advantages to the bacteria, such as beneficial
metabolic functions29. Furthermore, most isolates, independently of ST
or phylogroup, shared the same plasmid replicons, strongly suggesting
horizontal transfer of these elements and their potential adaptive genetic
traits. Likewise, the broad presence of these specific plasmids could favor
the rapid acquisition, maintenance, and dissemination of newly acquired
genetic material, including ARGs. The relationship between AMR and
population density was further supported by statistical analysis, which
found a significant association between phenotypic AMR levels and
proximity to district centroids (p = 0.0277). Although the use of district
centroids as proxies for human population centers has inherent limita-
tions, the spatial structure of human settlements along the southern
Costa Rican coast, characterized by a relatively continuous, linear urban
development along the main roadways, supports the validity of this
approximation in our study context. While centroids serve as a useful
proxy, the observed alignment of high AMR levels with hatched areas
suggests that population density plays a key role in driving the patterns of
AMR in sloths. The significant negative correlation between minimal
distance to the district and AMR levels suggests that factors associated
with urban centers, such as higher antibiotic usage, increased population
density, and greater access to healthcare, might be pivotal in shaping
resistance patterns.

https://doi.org/10.1038/s44259-025-00134-y Article

npj Antimicrobials & Resistance |            (2025) 3:62 4

www.nature.com/npjamar


These findings are particularly relevant to the impact of the human-
wildlife interface on AMR since urban environments could accelerate the
development and spread of resistant strains due to increased antibiotic
exposure and higher transmission rates1. The lack of significant associations
with more specific geographic factors (like cantons or districts) suggests a
complex interplay of environmental, ecological, and socio-economic factors
in shaping resistance. These findings highlight the need to incorporate
population density and urbanizationmetrics into futuremodels to elucidate
better the anthropogenic activity’s effectonwildlife health andAMRmetrics
in future analyses.

Recognizing the constraints inherent in our study, future research
endeavors could benefit from increased sample size and an active sam-
pling approach. In our study, sampling was passive, as animals were
selected based on their need for assistance from the rescue center.
However, an active sampling strategy, where animals are actively sought
out for inclusion, could provide a more comprehensive understanding of
antimicrobial resistance dynamics in wildlife populations. Also, it is
crucial to recognize the inherent constraints of wildlife studies, which are
often influenced by practical complexities. Additionally, epidemiological
studies provide a snapshot of the situation during sampling. Therefore,
implementing a continuous sampling strategy could prove invaluable in
monitoring the dynamics of AMR in wildlife over time. A limitation of
this study is the moderate sample size (47 individuals), which, although
substantial relative to the total number of rescued sloths annually in the
region, may restrict the ability to detect finer-scale spatial associations or
more subtle environmental effects. To be more precise in our results, it
would have been ideal to collect at least three different strains from each
sample. Thus, future studies with larger sample sizes and enhanced
spatial resolution would be valuable in confirming and expanding upon
the patterns observed here.

Our findings emphasize the critical role of ecological contexts in
shaping bacterial populations and AMR dynamics in wildlife. Natural
environments, characterized byminimal human interference, are associated
with lower AMR prevalence and greater diversity in E. coli populations.
Intriguingly, the distinct ecological behaviors of the two sloth species
revealed a differential risk of gene acquisition:C. hoffmanni, with its greater
mobility, varied diet, and frequent terrestrial interactions, exhibits a higher
propensity for acquiring resistance genes compared to the predominantly
arboreal and folivorousB. variegatus. Furthermore, our study highlights the
heightened risk of AMR dissemination in regions where wildlife habitats
intersectwith human-populated areas. These findings emphasize the urgent
need for research to unravel the complex bacterial wildlife populations and
their interplay with anthropogenic pressures, informing strategies to miti-
gate AMR and safeguard biodiversity.

Methods
Sampling strategy and distribution
From September 2019 to January 2020, 47 individual rectal swab samples
were collected from sloths rescued from different geographic locations on
the southernCosta Rican coast: 32 two-toed sloths and 15 three-toed sloths.
The geographic coordinates of the rescue points for the sloths were recor-
ded, as well as data related to age, sex, and species. Some of the sloths tested
were in protected natural areas such as Parque Nacional de Cahuita, where
urbanization is forbidden. Others were located inside urban areas, living
next to the human population: Puerto Viejo de Talamanca, Manzanillo,
Limón, and Bribrí. All the animals were free-living and had no prior known
contact with humans.

The sloths tested here were all patients from the Jaguar Rescue Center
(JRC) in Costa Rica (https://www.jaguarrescue.foundation/en-us/) and had
been rescued from the wild. Rectal swabs were collected upon arrival using
sterile swabs with AMIES transport medium (Deltalab®, Barcelona, Spain),
prior to any treatment or sedation, andwithout the use of anesthesia. Samples
were immediately refrigerated at 4 °C until further processing (Fig. 3).

All animal handling and sample collection procedures adhered to
Costa Rican legislation (ACLACDRFVS-PVS-002-2018) and the ethical

guidelines of the JRC, following the Ministerio de Ambiente y Energía
(MINAE) regulations. The study protocol was reviewed and approved by
the SistemaNacional deÁreas deConservación (SINAC) and theComisión
Nacional para laGestión de la Biodiversidad (CONAGEBIO) of Costa Rica,
under resolutionN°R-SINAC-PNI-ACLAC-039-2020 (Exp.Dig.N°M-PC-
SINAC-PNI-ACLAC-035-2020).

Processing samples and AMR phenotypic evaluation
Each swab was streaked in MacConkey and Brilliance E. coli agar media
(Oxoid, Thermo Scientific™, Massachusetts, United States) and incubated
for 24 h at 37 ± 1 °C. One presumptive E. coli colony from each plate was
selected and streaked into LB agar medium (Oxoid, Thermo Scientific™,
Massachusetts, United States). After 24 h of incubation at 37 ± 1 °C,
monoclonal cultures were obtained. Then, a subsequent subculture on
blood agar was performed, and MALDI-TOF used the resulting pure
colonies for bacterial species identification.

After confirming the species, an antimicrobial susceptibility test (AST)
was performed according to the European Committee on Antimicrobial
Susceptibility Testing30 guidelines, using the brothmicrodilutionmethod in
Sensititre EUVSEC® plates (Thermo Scientific™, Massachusetts, United
States). The plates contain 14 antibiotics, including ampicillin (AMP; 1-
64mg/L), azithromycin (AZI; 2-64mg/L), cefotaxime (FOT; 0.25-4mg/L),
ceftazidime (TAZ: 0.5-8mg/L), chloramphenicol (CHL; 8-128mg/L),
ciprofloxacin (CIP; 0.015-8mg/L), colistin (COL; 1-16mg/L), gentamicin
(GEN; 0.5-32mg/L), meropenem (MERO; 0.03-16mg/L), nalidixic acid
(NAL; 4-128mg/L), sulfamethoxazole (SMX; 8-1024mg/L), tetracycline
(TET; 2-64mg/L), tigecycline (TGC; 0.25-8mg/L), trimethoprim (TMP;
0.25-32mg/L). Strains were classified as multidrug-resistant (MDR) when
resistant to at least one agent in three or more antibiotic classes31.

Whole genome sequencing and genomic analysis
Whole Genome Sequencing and data processing by Illumina® were con-
ducted in the Agricultural Technology Institute of Castilla and León
(ITACyL) laboratory. First, genomic DNAwas extracted and purified with
the Wizard Genomic DNA purification kit (Promega Corp., Madison, WI,
USA), following the manufacturer’s guidelines for gram-negative bacteria.
Shortly, 101 bp paired-end reads (550 bp insert size) of the 46 genomic
sampleswere generated on aHiSeq2500platform (Illumina Inc., SanDiego,
California, USA).

Raw reads quality control was done with FastQC32. Genome assembly
was conducted with Unicycler v.0.5.133, while Bakta v1.7.034 was employed
for genomic annotation, and pangenome analysis was performed using the
Roary v3.13.035 pipeline. Snp_sites 2.5.136 and snp-dist v.0.8.237 were used to
identify single-nucleotide polymorphisms (SNPs) and extract them from

Fig. 3 | Sampling material and process from one of the wild two-toed sloths
(Choloepus hoffmanni).Photograph taken by staff of the Jaguar Rescue Center, used
with permission.
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the core-genome alignment resulting fromRoary,whichwere analyzedwith
FastTree 2.1.1138 to generate the phylogenetic tree. Sequence types (STs)
were determined by multi-locus sequence typing (MLST)39, and novel STs
were submitted to the Enterobase database40 to be assigned. ARGs and
plasmids were identified using multiple tools and databases. ARGs were
detected with ResFinder 4.141–43 and the Comprehensive Antibiotic Resis-
tance Database (CARD)44. Plasmid content was assessed using Plas-
midFinder 2.0.145 and MOB-suite46.

In addition, snippy v4.6.047 was used to identify genetic variations in
coding sequences between phylogenetically close isolates with AMR phe-
notypic differences. Subsequently, BlastKOALA v 3.0 (KEGG Orthology
And Links Annotation)48 was used to search for metabolic networks and
enriched bacterial functions among the identified gene variants.

Spatial analysis of species distribution and urban proximity
A spatial dataset representing the location of each species was created to
perform the Spatial Data Analysis, using the longitude and latitude coor-
dinates of the areaswhere the animalswereobserved.This approachallowed
for a detailed examination of species distribution in relation to standardized
spatial reference points.

The geographical extent of the study covered the entire province of
Limón, enabling analysis across multiple administrative levels (province,
canton, and district). To ensure consistency and neutrality in the proximity
analysis, the centroids of each district in Limón were calculated based on
their geometric boundaries. Centroids were used as consistent, replicable
reference points in spatial analysis because they provided a standardized
proximity measure and a reasonable proxy for human activity near district
centers. These centroids were selected over urban centers because they
provide an objective,mathematically defined reference point not influenced
byunevenpopulationdistribution or infrastructure location.Urban centers,
while significant in human geography, vary in their size, definition, and
location, potentially introducing biases or inconsistencies into the analysis.

To complement this analysis, a one-kilometer buffer was created by
accounting for human influences near district boundaries, such as roads and
settlements, ensuring a broader spatial context for analyzing interactions
like human-animal hotspots. This buffer allowed us to identify species
points near urban areas, providing additional spatial context to the analysis.
For key districts, spatial grids were constructed, enabling a more granular
examination of the relationship between species distribution and proximity
to district centroids. These grids helped to map spatial patterns at a finer
resolution, facilitating the identification of potential hotspots near areas of
human activity.

We calculated the shortest distance from each species location to the
nearest district centroid using a distance function. These centroid-based
distances served as standardized metrics for assessing proximity, ensuring
that the results were spatially unbiased and reproducible.While the analysis
was grounded in these objective centroid-based distances, the buffer and
grid-based approaches further contextualized the results, offering insights
into the relationship between species distributions and areas of human
influence, including urban centers.

Assessing the influence of spatial and biological factors
Spatial and biological variables associated with the phenotypic AMR levels
(resistance) and MDR determination were assessed using a generalized
linearmodel (GLM)with abinomial family. Themodel is defined as follows:

log
P resistance ¼ 1ð Þ

1� P resistance ¼ 1ð Þ

� �
¼ β0 þ β1 : Spþ β2 :Aþ β3 : Sx

þβ4 :DDþ β5 :C þ β6 :Dþ β7 :GC

ð1Þ

The model (formula 1) included categorical variables such as species
(Sp; three-toed sloth or two-toed sloth), age categories (A; baby
[0–12 months for two-toed sloths and 0–7 months for three-toed sloths],

juvenile [1–3 years for two-toed sloths and 7months–2 years for three-toed
sloths], and adult [over 3 years for two-toed sloths andover 2 years for three-
toed sloths]) and sex (Sx; male or female; Supplementary Data 1). Addi-
tionally, the model incorporated continuous variables, such as the minimal
district distance (DD; formula 1). The latter was key to studying the influ-
ence of human activities on the presence of AMR determinants in sloth
populations. To this end, geographical parameters (canton (C), district (D),
and grid cells (GC)) were also incorporated as categorical predictors. The
minimum distances between the rescue point of sloths and the centroids of
theCostaRican cantonswere calculated, and their relationshipwith the level
of bacterial phenotypic resistance was evaluated by logistic regression.

All the statistical analyseswere performedusing the softwareR (RCore
Team version 4.1.3, Vienna, Austria)49, with a significance level of p < 0.05.
The following R packages were utilized for statistical, visualization and
spatial data analysis: tidyverse (version 1.3.1), tidymodels (version 0.1.4),
psych (version 2.1.9), car (version 3.0-12), dplyr (version 1.0.7), readxl
(version 1.3.1), terra (version 1.5-12), geodata (version 1.0.2), rnaturalearth
(version 0.3.2), raster (version 3.5-15), CoordinateCleaner (version 2.0-19),
sdmpredictors (version 0.2.9), fuzzySim (version 2.5), leaflet (version 2.1.1),
mapmisc (version 1.2.8), cartogram (version 0.2.6), kableExtra (ver-
sion 1.3.4).

Data availability
The data have been deposited with links to BioProject accession number
PRJNA1219484 in the NCBI BioProject database.
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