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A B S T R A C T   

Staphylococcus aureus is a human pathobiont (i.e., a commensal microorganism that is potentially pathogenic 
under certain conditions), a nosocomial pathogen and a leading cause of morbidity and mortality in humans. 
S. aureus is also a commensal and pathogen of companion animals and livestock. The dissemination of antimi-
crobial resistant (AMR) S. aureus, particularly methicillin-resistant (MRSA), has been associated to its ability for 
establishing new reservoirs, but limited attention has been devoted to the role of the environment. To fill this 
gap, we aimed to characterize animal carrier status, AMR phenotypes, predominant clonal lineages and their 
relationship with clinical and food-chain settings, as well as to find predictors of AMR occurrence. Nasal swabs 
(n = 254) from wild boar (n = 177), red deer (n = 54) and fallow deer (n = 23) hunted in Portugal, during the 
season 2019/2020, yielded an overall carrier proportion of 35.8%, ranging from 53.7% for red deer and 32.2% 
for wild boar to 21.7% for fallow deer. MRSA from wild boar and phenotypically linezolid-resistant S. aureus 
from wild boar and red deer were isolated, indicating that resistance to antimicrobials restricted to clinical 
practice also occurs in wildlife. The most prevalent genotypes were t11502/ST2678 (29.6%) and t12939/ST2678 
(9.4%), previously reported in wild boar from Spain. Clonal lineages reported in humans and livestock, like CC1, 
CC5 or CC8 (19.1%) and ST425, CC133 or CC398 (23.5%), respectively, were also found. The sequence type 
ST544, previously restricted to humans, is described in wildlife for the first time. We also identified that land use 
(agricultural land cover), human driven disturbance (swine abundance) and host-related factors (sex) determine 
resistance occurrence. These findings suggest that antibiotics used in clinical settings, agriculture and livestock 
farming, spill over to wildlife, leading to AMR emergence, with potential biological, ecological, and human 
health effects. This work is one of the most comprehensive surveys in Europe of S. aureus occurrence and de-
terminants among widely distributed wild ungulates.   

1. Introduction 

Staphylococcus aureus is a pathobiont (i.e., a potentially pathogenic 
microorganism under certain circumstances), colonizing the nasal mu-
cosa and skin of humans and, often, other animals, e.g., swine (Strube, 
Hansen, Rasmussen, & Pedersen, 2018). However, it is also associated to 
human disease, from skin or soft tissue infections to systemic and fatal 
illness (Sakr et al., 2018). While S. aureus has been most commonly 

reported as a human and nosocomial pathogen, it has been also isolated 
from a wide range of wild species, mainly mammals and birds (Feβler 
et al., 2018; Schaumburg et al., 2012), in recent years. Additionally, it 
has been reported in environmental matrices, such as water and 
wastewater (Silva et al., 2020), air (Kozajda, Jeżak, & Kapsa, 2019), and 
soil (Johny, 2019). 

The role of non-human hosts in S. aureus transmission is emphasized 
by the fact that most clonal complexes (CCs) include strains recovered 

☆ This paper has been recommended for acceptance by Sarah Harmon. 
* Corresponding author. Centre for Ecology, Evolution and Environmental Changes (cE3c), Faculdade de Ciências, Universidade de Lisboa, Campo Grande, C2, 

Room 2.4.11, 1749-016, Lisboa, Portugal. 
E-mail address: mscunha@fc.ul.pt (M.V. Cunha).  

Contents lists available at ScienceDirect 

Environmental Pollution 

journal homepage: www.elsevier.com/locate/envpol 

https://doi.org/10.1016/j.envpol.2022.119116 
Received 28 September 2021; Received in revised form 3 March 2022; Accepted 5 March 2022   

mailto:mscunha@fc.ul.pt
www.sciencedirect.com/science/journal/02697491
https://www.elsevier.com/locate/envpol
https://doi.org/10.1016/j.envpol.2022.119116
https://doi.org/10.1016/j.envpol.2022.119116
https://doi.org/10.1016/j.envpol.2022.119116
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envpol.2022.119116&domain=pdf


Environmental Pollution 303 (2022) 119116

2

from diverse ecological settings (Matuszewska et al., 2020). A good 
example is the case of antimicrobial resistant (AMR) S. aureus, particu-
larly methicillin-resistant (MRSA), which have acquired resistance to 
β-lactams, posing major public health concerns. MRSA have been 
recovered from numerous healthy and sick animal species, including 
livestock, companion animals (Monecke et al., 2016) and wildlife 
(Porrero et al., 2014; Ruiz-Ripa et al., 2019; Seinige, Von Altrock, & 
Kehrenberg, 2017). Dissemination of AMR S. aureus has been associated 
to its ability for establishing new reservoirs (Heaton et al., 2020). The 
results obtained from molecular characterization has allowed to link 
particular CCs, like CC398 or CC133, to the animal component, namely 
livestock, on S. aureus transmission (Hoekstra et al., 2020; Price et al., 
2012). However, typical human CCs, like CC1, CC5 or CC8, have also 
been reported in livestock, raising concerns on host jumps (Heaton et al., 
2020; Richardson et al., 2018). 

Wildlife contact with xenobiotics and antimicrobial agents can 
happen either by indirect contact with contaminated environmental 
matrices or environmental pollution driven by livestock farming and 
human activity, or from direct contact with livestock in aggregation 
points during feeding (Torres, Carvalho, et al., 2020). Animals colonized 
with AMR bacteria may spill-over bacteria or antimicrobial resistance 
genes (ARG) to conspecifics and other species (Plaza-Rodríguez et al., 
2021; Torres et al., 2020a,b; Vittecoq et al., 2016). In recent years, 
reporting AMR isolates in wildlife is increasingly common (Monecke 
et al., 2013; Palmeira et al., 2021; Porrero et al., 2014; Ruiz-Ripa et al., 
2019; Torres, Fernandes, et al., 2020). This fact might be justified, not 
only by an increasing interest in wildlife health research, but also by the 
increase of interspecific transmissions in the human-livestock-wildlife 
interface (Torres, Carvalho, Cunha, & Fonseca, 2019). Prophylactic 
and metaphylactic treatments of farmed animals are considered the 
main drivers of antimicrobial resistance in bacteria (Marshall & Levy, 
2011). The intensive use of antimicrobials in agriculture or aquaculture 
that promote environmental contamination also exert downstream se-
lective pressure upon microorganisms (Laxminarayan et al., 2013). 

In Portugal, antimicrobial resistant Staphylococcus spp., or typically 
healthcare-associated strains (Nazareth et al., 2012; Peres, Pina, & 
Fonseca Cardoso, 2011), and MRSA, have been isolated from pet dogs 
(Silva et al., 2021), wild rabbits (Sousa et al., 2020), wild rodents (Silva 
et al., 2021) and wild boars (Sousa et al., 2017). Detection of mecA or 
mecC has also been reported (Silva et al., 2021; Sousa et al., 2017). The 
molecular characterization of wildlife isolates indicates the circulation 
of strains from diverse CCs, such as CC1, CC5, CC8, or the 
livestock-associated CC133 or CC398 strains (Silva et al., 2021; Sousa 
et al., 2017; Sousa et al., 2020). Particular attention has been given to 
clonal lineages widely spread in humans, livestock and companion an-
imals, but information on the incidence of MRSA in the environment, 
particularly in wildlife, remains overlooked. 

In this work, we aimed to extend previous knowledge on the 
occurrence of S. aureus in wildlife, namely in three species of wild un-
gulates, such as wild boar (Sus scrofa), red deer (Cervus elaphus) and 
fallow deer (Dama dama), which present contrasting ecology (e.g. 
feeding and space use strategies) and degree of synanthrophization 
(Torres, Fernandes, et al., 2020). We also aimed to disclose the drivers 
contributing for antimicrobial resistance among commensal bacteria or 
pathobionts from wild species that have limited or indirect contact with 
anthropogenic sources of antimicrobials (Torres, Fernandes, et al., 
2020). For this purpose, we used S. aureus as a bacterial model due to its 
ubiquity and wild ungulates as animal model species. Indeed, these 
species are affected by several factors that have impacted their distri-
bution and the way they use space, with repercussions in their ability to 
move and disperse AMR determinants. The specific aims of this work 
were: 1) to characterize the animal carrier status for S. aureus; 2) to 
describe the molecular types and antimicrobial resistance profiles of 
S. aureus isolated from sampled hosts; 3) to investigate the predominant 
clonal lineages and their relationship with clinical and food-chain set-
tings; and 4) to determine the impact of biotic and abiotic factors on the 

occurrence of AMR S. aureus. 
These aims could be reached by means of a large survey across 

different environmental contexts, taking advantage of biological spec-
imen availability from hunted animals and ecological modelling, setting 
the scene for one of the most comprehensive studies in Europe of 
S. aureus occurrence among widely distributed wild ungulates, at the 
frontier of humanized landscapes. 

2. Methods 

2.1. Sample collection 

A total of 254 nasal swabs from three species of wild ungulates (wild 
boar, n = 177; red deer, n = 54; fallow deer, n = 23) were collected 
during the 2019/2020 legal hunting season (from October 2019 to 
February 2020) across mainland Portugal. Animals were sampled, and 
nasal specimens were collected within 1–5 h after death. Nineteen 
different sampling sites were included in this study (Supplementary 
Fig. 1), encompassing a high diversity of land cover (illustrated in 
Supplementary Fig. 2) and also capturing different animal densities. 
Host species, sex and age class were registered for each sampled animal. 

2.2. Selective isolation of Staphylococcus aureus 

For selective isolation, all nasal swabs were subjected to selective 
enrichment in Mueller-Hinton medium (Sigma, Merck KGaA, Germany) 
supplemented with 6.5% NaCl, to select for the characteristic halotol-
erance of clinically-relevant Staphylococcus sp., namely S. aureus. After 
18–24 h incubation at 35 ◦C±1 ◦C, each pre-enriched sample was plated 
(100 μl) onto Mannitol Salt Agar (MSA) (Oxoid, Thermo Fisher Scien-
tific, USA) and colonies suggesting mannitol fermentation, and thus 
hypothesized as S. aureus, were selected from each plate. Up to eight 
colonies with distinctive morphology or size from each plate, grown 
from each enrichment in MSA, were sub-cultured onto Nutrient Broth 
Agar (Biokar, Solabia, France). All isolates retrieved from MSA were 
tested for β-haemolysis in Columbia agar medium with 5% sheep blood 
(bioMérieux Clinical Diagnostics, France). The previous protocol was 
adapted from the procedure described in “Isolation of methicillin- 
resistant Staphylococcus aureus (MRSA) from food-producing animals 
and farm environment” from the European Food Safety Authority 
(EFSA) (European Food Safety Authority, 2012). A quality control strain 
(Staphylococcus aureus ATCC 25923) was used to interpret and validate 
each test batch. 

All isolates that tested positive for β-haemolysis were subjected to 
molecular identification as S. aureus through polymerase chain reaction 
(PCR), performed according to Martineau and collaborators (Martineau 
et al., 1998), by means of two S. aureus-specific primers and an addi-
tional set of 16S rRNA primers for internal amplification control 
(Marchesi et al., 1998). The full characterization of each S. aureus isolate 
is described in Supplementary Table 1. 

2.3. Molecular amplification of spa hypervariable region and multi-locus 
sequencing typing 

The molecular amplification of the spa hypervariable region was 
performed by PCR using the primers described by Stegger and collabo-
rators (Stegger et al., 2012). Multi-locus sequencing typing (MLST) 
(Enright et al., 2000) was performed for a single random isolate repre-
sentative of each retrieved spa type, comprising a total of 20 isolates 
representing 19 spa types. Strain Staphylococcus aureus ATCC 25923 was 
used as positive control in all PCR assays. A no-template control with 
nuclease-free water was also added in each PCR assay. 

The spa amplicons and MLST fragments were sequenced and 
assigned using spa typing and MLST plugins, respectively, from Bio-
Numerics v6.6 (Applied Maths). 

The discriminatory power (D) of each technique, i.e. the average 
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probability that the typing method will assign a different type to two 
unrelated isolates sampled in the population, was calculated based on 
Simpson’s index of diversity (Hunter & Gaston, 1988) using the online 
tool “In silico simulation of molecular biology experiments” (Bikandi, 
Millán, Rementeria, & Garaizar, 2004). The individual allelic diversity 
(h) of the loci from MLST scheme tested were obtained in a similar 
manner. 

2.4. Phylogenetic analysis 

For the phylogenetic analysis, one minimum spanning tree was 
computed with results from spa typing as input, using BioNumerics v6.6 
(Applied Maths). The advanced cluster analysis was performed using the 
categorical data as a similarity coefficient, and calculated a standard 
minimum spanning tree with single locus and double loci variance pri-
ority rule. The dendrogram was computed using spa fragment sequences 
as input using BioNumerics v6.6 (Applied Maths) calculating Pearson 
correlation coefficient, and the unweighted pair group method with 
arithmetic means (UPGMA) as the agglomerative clustering algorithm. 
The annotation was performed using Interactive Tree Of Life (iTOL) v5 
(Letunic & Bork, 2021). 

2.5. Antimicrobial susceptibility testing 

Antimicrobial susceptibility testing was performed by disk-diffusion 
and broth microdilution methods, according to the guidelines of the 
European Committee on Antimicrobial Susceptibility Testing (EUCAST, 
2021). The following antimicrobial agents were tested by disk-diffusion 
(μg per disk): benzylpenicillin (1 unit), cefoxitin (30), ciprofloxacin (5), 
erythromycin (15), gentamicin (10), tetracycline (30), linezolid (30) 
and trimethoprim-sulfamethoxazole (1.25 + 23.75). The broth micro-
dilution assays were performed for oxacillin and vancomycin, according 
to EUCAST guidelines (EUCAST, 2021). Briefly, a McFarland 0.5 sus-
pension of all isolates was used to inoculate Mueller-Hinton broth or 
Mueller-Hinton Agar (Oxoid, Thermo Fisher Scientific, USA), for broth 
microdilution and disk diffusion methods, respectively, and incubated 
overnight at 37 ◦C. This panel of antimicrobials represent eight anti-
microbial classes: aminoglycosides (gentamicin), β-lactams (oxacillin, 
cefoxitin and benzylpenicillin), fluoroquinolones (ciprofloxacin), folate 
pathway inhibitors (trimethoprim-sulfamethoxazole), glycopeptides 
(vancomycin), macrolides (erythromycin), oxazolidinones (linezolid) 
and tetracyclines (tetracycline), and thus the most frequent cellular 
targets, namely cell envelope, protein synthesis at both 30S and 50S 
ribosomal subunits and nucleic acids biosynthesis. All antimicrobial 
susceptibility tests were evaluated according to EUCAST clinical criteria, 
as we intended to link the retrieved isolates with the potential spill-over 
of human-associated isolates into the environment. The genotypic 
resistance profile to β-lactams was evaluated based on the amplification 
of mecA and mecC gene markers, according to Stegger and colaborators 
(Stegger et al., 2012). Multidrug resistant isolates were defined ac-
cording to Magiorakos and co-workers (Magiorakos et al., 2012): resis-
tance to at least one antimicrobial from at least three different 
antimicrobial classes or identification as MRSA through molecular 
detection of either mecA or mecC gene markers. 

2.6. Statistical analyses 

Statistical analyses were performed using non-parametric Mann- 
Whitney test for independent and continuous variables in order to 
evaluate differences in carrier proportion across host, sex, and age. The p 
values were determined and discussed accordingly using α = 0.05 to 
reject the null hypothesis (considered significant if P < 0.05). The 95% 
confidence intervals (CI) were also estimated. Multivariate analyses, 
namely Principal Components Analysis (PCA), were performed for the 
top five most frequent molecular types and for all classes of resistance 
phenotypes (i.e. multidrug resistant, resistant and susceptible), using 

“prcomp” function from R software v4.0.5 and the threshold established 
for relevant association was ±0.2. The exploratory approach was per-
formed with the following variables: sampling district (Beja, Évora, 
Portalegre and Setúbal [Alentejo], Coimbra, Leiria, Guarda [Central 
Portugal], Porto [North Portugal]); sex (male and female); age (adult 
and juvenile); host species (wild boar, red deer and fallow deer). 

Geographic information was used at different scale levels (NUTS II 
statistical regions, district administrative region, municipality admin-
istrative region) whenever appropriate. 

2.7. Modelling procedures 

Having in mind the ecology of wild ungulates and the factors that 
may facilitate exposure to antimicrobials, and thus impact the emer-
gence of AMR bacteria and/or the exchange of AMR determinants, we 
explored the effect of environmental, host-related, land use, human 
driven disturbance factors or spill-over from livestock on AMR occur-
rence. To test these hypotheses, we examined 17 variables as putative 
predictors of AMR occurrence. For this analysis, six categories of vari-
ables were considered, representing different working hypothesis, as 
described in Table 1. All variables were considered at the Municipality 
level due to the lack of the exact geographical coordinates of the location 
where each animal was hunted. Land use data was retrieved from Carta 
de Uso e Ocupação do Solo (2018) at the National Geographic Infor-
mation System [Sistema Nacional de Informação Geográfica (SNIG)] 
(Direção Geral do Território - Direção-Geral do Território - Ministério do 
Ambiente e Ação Climática - Portugal, 2018). Livestock abundance 
(2019) (INE, 2019) and population density (2020) (INE, 2020) were 
gathered from Instituto Nacional de Estatística (INE). Wild ungulates 
presence was defined based on the Atlas of Mammals in Portugal 
(Bencatel et al., 2019). Climate data comprised variables gathered from 
BioClim (2017) at 30 arc-second resolution (Fick & Hijmans, 2017). 
Both host sex and age class data were encoded as binary, where female 
and juvenile are encoded by zero and male and adult are encoded by 
one. 

Regarding the modelling procedure, initially the data was tested for 
spatial autocorrelation to account for the degree of the geographical 
dependency of data, using the Moran’s I index with the R’s “ape” 
package (Paradis & Schliep, 2018), using the municipality centroid as a 
surrogate of the animal’s hunting location. Multicollinearity was tested 
by estimating the Variation Inflation Factor (VIF) between variables 
within the same hypothesis, using R’s “corvif” function from source code 
“HighstatLibV10” (Zuur, Hilbe, & Ieno, 2013). Variables with an esti-
mated VIF above five were discarded from analysis, being that value 
considered a cut-off for excessive inflation in variance caused by the 
existing multicollinearity (Zuur et al., 2013). All the remaining candi-
date variables were standardized prior to modelling procedure for 
straightforward results’ analysis. We applied a Generalized Linear Mixed 
Model (GLMM) approach to identify the drivers shaping antimicrobial 
resistance presence/absence variation. GLMM were built using a logit 
link function applied to a binomial distribution, and considering mu-
nicipality as a random effect due to the presence of spatial autocorre-
lation of data (F. Dormann et al., 2007). Such modelling procedures 
were applied using the “lme4” package in R v.4.0.5 (Bates, Mächler, 
Bolker, & Walker, 2015). 

In this analysis, a two-folded analytical approach was implemented. 
First, only the variables associated to each specific working hypothesis 
were tested, and the models corresponding to all combinations of those 
variables were built. Then, an Information Criteria approach (Akaike 
Information Criteria -AICc - corrected for small samples) was used, in 
other to perform model selection for each hypothesis. All produced 
models for each hypothesis were ranked according with their ΔAICc 
(corresponding to the difference between each model AICc and the 
smaller AICc value), with models presenting ΔAICc<2 being retained as 
best models. The best model(s) for each hypothesis were compared using 
the AIC approach to test which hypothesis was more supported by the 
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data (i.e. the model with the lowest AICc). 
In the second step, we selected the variables included in the best 

model for each hypotheses that showed a 95% confidence interval that 
did not cross zero (i.e. informative variables for which is possible to 
assess the effect on the dependent variable – positive vs negative 
(Arnold, 2010);). Those variables were used to test a combined hy-
pothesis, which defended that antimicrobial resistance variation is 
driven by multiple origin factors. As more than one model fulfilled the 
best model criterion (i.e., ΔAICc<2), a model averaging procedure was 
implemented to estimate variables coefficients. Model selection pro-
cedures were implemented in R using “MuMIn” package (Barton, 2015). 

Best model validation was tested by the Receiver Operating Character-
istic (ROC) Curve and the Area Under the Curve (AUC), using the R 
package “pROC” (Robin et al., 2011). 

3. Results 

3.1. Staphylococcus aureus carrier status among wild ungulates 

The selective culture of nasal swabs (n = 254) from hunted wild boar 
(n = 177), red deer (n = 54) and fallow deer (n = 23), followed by 
molecular identification of presumptive S. aureus, yielded 300 

Table 1 
– Modelling hypothesis, rationale, prediction, and variable description. All variables were represented according to municipality administrative regions.  

Hypothesis Rationale Prediction Variables Variables’ 
code 

H1 
Land Use 

The differential profile of land use along municipalities 
may influence the overall AMR occurrence and 
dispersion, as different species habit particular types of 
land cover 

We expect higher percentage of 
agricultural areas and water bodies to 
influence positively the AMR 
occurrence 

Agriculture coverage (%) 
Artificial areas coverage (%) 
Forest coverage (%) 
Water bodies coverage (%) 

Agri_cov 
Artif_cov 
Forest_cov 
Water_cov 

H2 
Livestock 
abundance 

The sympatry between livestock and wildlife animals is 
known to promote disease transmission 

We expect higher livestock 
abundance to promote the AMR 
occurrence 

Cattle abundance (no. animals) 
Swine (no. animals) 
Poultry (no. animals) 

Cattle_abun 
Swi_abun 
Poul_abun 

H3 
Anthropogenic 
disturbance 

The anthropogenic influence is known to be a factor 
that promotes the transmission of AMR bacteria and 
AMR determinants to the animal compartment 

We expect that higher human density 
will increase AMR occurrence 

Population density (no. people/km2) Pop_dens 

H4 
Wild ungulates 
presence 

The interspecies transmission of AMR bacteria and 
AMR determinants is known to promote the 
maintenance within the animal compartment 

We expect that the presence of 
different wild species will increase 
the AMR occurrence 

Mufflon presence (binary) 
Roe deer presence (binary) 
Red deer presence (binary) 

Muff_pre 
Roe_pre 
Red_pre 

H5 
Life-history traits 

The life history traits of the host, namely its species, sex 
or age can be associated with the AMR occurrence 

We expect that a particular species, 
sex, or age class is more prone to 
promote AMR occurrence 

Host species (Wild boar, red deer, 
fallow deer) 
Sex (Male, Female) 
Age (Adult, Juvenile) 

Host_spe 
Sex 
Age 

H6 
Climate 

The climate, namely the volume of precipitation, can 
influence animal feeding behaviour 

We expect that driest zones will 
increase the AMR occurrence 

Annual precipitation (mm) 
Driest month precipitation (mm) 
[Data were calculated by interpolations 
of observed data, representing average 
values for the period 1970–2000] 

Annual_prec 
Driest_prec  

Table 2 
Staphylococcus aureus detection and molecular characterization.  

Animal 
species 

No. tested 
animals 

No. positive 
animals 

Prevalence MLSTa (No. of 
isolates) 

MLSTb (No. of 
isolates) 

spa type (No. of isolates) 

Fallow deer 23 5 21.7% (95% CI: 3.5–40%) ST1 (1) ST1 (6) t127 (6)   
ST5(1) ST5 (2) t002 (2)   
ST133 (1) ST133 (4) t3583 (4) 

Red deer 54 29 53.7% (95% CI: 40–67.4%) t9632/ST1 (1) 
t1533/ST1 (1) 
t2207/ST1 (1) 

ST1 (13) t9632 (7), t1533 (5), t2207 (1)    

ST133 (3) t3583 (3)   
ST425 (1) ST425 (16) t6386 (16)    

ST544 (3) t7386 (3)   
t3750/ST2328 (1) ST2328 (4) t3750 (4)   
t9304/ST2678 (1) 
t11502/ST2678 (1) 

ST2678 (49) t11502 (45), t9304 (4)     

t1793 (1)     
t701 (2)     
t10205 (1) 

Wild boar 177 57 32.2% (95% CI: 
25.3–39.2%) 

t1407/ST1 (1) ST1 (6) t1407 (4), t1533 (2)    
ST5 (15) t002 (15)   

ST8(1) ST72 (8) t148 (8)   
t1181/ST133 (1) ST133 (4) t3583 (3), t1181 (1)   
t011/ST398 (1) ST398 (17) t011 (9), t034 (8)   
t11232/ST425 (1) ST425 (19) t11232 (15)   
ST544 (2) ST544 (15) t7386 (3*, 12)   
ST772 (1) ST772 (2) t098 (2)   
t11230/ST2328 (1) ST2328 (20) t3750 (18), t11230 (2)    

ST2678 (63) t11502 (37), t12939 (26)     
t1773 (1)     
t4279 (2)     
t11225 (2)  

a Experimentally determined MLST (20 isolates). 
b Inferred sequence type based on presumable Spa type/ST associations (comprises all isolates, including a); * represents MRSA isolates. 
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methicillin-susceptible S. aureus isolates, along with three MRSA iso-
lates. The overall proportion of S. aureus carriers (i.e. confirmed 
S. aureus isolation in each host) was 35.8% (95% CI: 29.89–41.76%). 
The overall proportion of carriers by host was established at 53.7% (95% 
CI: 40–67.4%) for red deer and 32.2% (95% CI: 25.3–39.2%) for wild 
boar (Table 2). As for fallow deer, samples were collected in one site 
only, in the Southern region, with an overall proportion of carriers of 
21.7% (95% CI: 3.5–40%) (Table 2). 

Different regions (NUTS II) of Portugal presented differences in the 
overall proportion of carriers. The Central region was identified as 
hosting significantly more S. aureus carriers than the North and Alentejo 
(Supplementary Fig. 1). The Central region (Mean: 58.14%; 95% CI: 
47.5–68.78%) was identified as hosting significantly (Mann-Whitney 
test, α = 0.05; p < 0.001) more S. aureus carriers than the North (Mean: 
14.29%, 95% CI: 0–30.6%) and Alentejo (Mean 26.09%; 95% CI: 
18.67–33.51%). For red deer, there was no statistical differences (Mann- 
Whitney test, α = 0.05; p-value = 0.1542) when comparing the pro-
portions between male and female hosts (male: 61.1% [95% CI: 
44.4–77.8%]; female: 38.9% [95% CI: 13.9–63.8%]), with a p-value of 
0.1542 (Mann-Whitney test), and also when comparing juveniles and 
adults (juveniles: 70% [95% CI: 35.4–100%]; adults: 50% [95% 
CI:34.6–65.4%]), with a p-value of 0.3095 (Mann-Whitney test, α =
0.05). Similarly, wild boar did not show any statistical differences 
regarding the proportion of carriers among male and female hosts (male: 

32.4% [95% CI: 21.5–43.3%]; female: 32% [95% CI: 22.8–41.2%]) 
(Mann-Whitney test, α = 0.05; p-value = 1). Only the carrier proportion 
of wild boar juveniles and adults were significantly different (juveniles: 
22.4% [95% CI: 12.1–32.6%]; adults: 38.2% [95% CI:28.9–47.4%]) 
(Mann-Whitney test, α = 0.05; p-value = 0.0320). 

3.2. Molecular diversity of Staphylococcus aureus from wild ungulates 

The spa typing analysis was successfully applied to 277 out of 
S. aureus 303 isolates. We repeated PCR analyses for the non-typeable 26 
isolates testing different sets of reactional and thermal profiling condi-
tions, but spa amplification for those isolates was unfortunately not 
achieved, even though molecular identification as S. aureus was 
confirmed by PCR. The 277 typeable isolates yielded 26 spa types 
(Table 2), the most predominant (top five) being t11502 (n = 82 iso-
lates), t12939 (n = 26), t3750 (n = 22), t7386 (n = 18) and t002 (n = 17) 
(Fig. 1). The presence of nine isolates from t011 and eight isolates from 
t034, usually associated to livestock, was also registered in wild boar 
and fallow deer. The analysis of the distribution of spa types per host 
species evidenced that both wild boar and red deer share t11502 as the 
most frequent spa type. From the top five, wild boar isolates represent all 
the isolates from t12939 (n = 26) and also account for the majority of 
isolates from spa types t11502 (n = 37), t3750 (n = 18), t7386 (n = 15), 
and t002 (n = 15). As for red deer, all isolates from t6386 (n = 16) were 

Fig. 1. - Minimum spanning tree of spa types of Staphylococcus aureus isolates from wildlife species. Illustration of the evolutionary link between S. aureus 
isolates based on combined character data of spa typing. Node size is proportional to the number of isolates belonging to each spa type. Node colours correspond to 
host species: wild boar – green; red deer – purple; and fallow deer – orange. Shading represents clonal complexes with human-associated CCs coloured in reds and 
livestock-associated CCs coloured in blues. (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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retrieved from this host species, while fallow deer isolates were char-
acterized by three spa types only, namely t127 (n = 6), t3583 (n = 4) and 
t002 (n = 2). Since up to 8 colonies with distinctive morphology were 
peaked from each swab enrichment in mannitol salt agar for further 
characterization, we registered that among the 254 animals surveyed, 
only twelve harboured more than one spa type S. aureus. These six wild 
boar and six red deer correspond to 11% and 21% of overall wild boar 
and red deer S. aureus carriers, respectively. 

An exploratory approach to analyse the association of spa types with 
the available variables (see methods) showed that the first two principal 
components (PCs) accounted for 52.9% of the variance (Supplementary 
Table 2). Host species and sex variables were retained by the first two 
components, with similar eigenvalues, i.e., with the variance being 
similarly explained within both components. The variables that were 
more related to PC1 were thus sex, host species (wild boar and red deer) 
and the sampling district (Leiria) (Supplementary Fig. 3). As for PC2, the 
most related variables were sex, age class, host (wild boar and red deer) 
and sampling district (Beja) (Supplementary Fig. 3). Members of spa 
type t7386 cluster together in the positive axis of PC2, being more 
related to the variables male, adult, wild boar, and Beja sampling district 
(Supplementary Fig. 3). All those relations were found to be significant 
(Supplementary Table 3) except for wild boar (p-value = 0.1832). This 
host species does not seem to carry significantly more isolates belonging 
to t7386 than the remaining. Similarly, members of spa type t002 and 
t12939 cluster together on the positive axis of PC1, being more related 
to the variables female, wild boar, and Portalegre and Guarda sampling 
districts (Supplementary Fig. 3). While for spa type t002, none of the 
variables indicated by the exploratory analysis revealed significant dif-
ferences (i.e., p > 0.05). For spa type t12939, all variables, with the 

exception of sex, showed a significant influence, and a negative relation 
of Guarda district with this spa type was highlighted (p-value = 0.0156) 
(Supplementary Table 3). The spa type t11502 was more frequent in the 
Central region, even though its presence was noted in almost all sampled 
districts (Fig. 2). Similarly, spa type t6386, which was exclusively found 
in red deer, is more frequent in the Central region as well, since this host 
is more represented in this region (Fig. 2). 

Since spa type/sequence type pairs are very frequently linked, with 
most spa types being associated to a particular sequence type, MLST 
analysis was applied to 20 isolates (nine from wild boar, eight from red 
deer, and three from fallow deer) representing the diversity of the most 
common spa types (i.e. over 1% frequency). These 19 spa types were 
grouped into ten different STs. The presumptive ST of the remaining 
isolates was inferred from the ST of the representative isolate within 
each spa type, similarly to what has been previously adopted in several 
works (Porrero et al., 2014; Ruiz-Ripa et al., 2019). Thus, the most 
common STs were presumably ST2678 (n = 112), ST425 (n = 31), ST1 
(n = 25), ST2328 (n = 24), ST544 (n = 18) and ST398 (n = 17) (Table 2). 
Of the ten STs, only ST772 was found exclusively in wild boar, with the 
remaining ST being shared by two or three host species. Fallow deer was 
found to carry members of ST1, ST133 and ST5. Red deer hosted 
members of ST2678, ST425, ST1, ST2328, ST133, ST398, ST72, and 
ST544. Wild boar hosted isolates from each sequence type found. The 
ten STs detected cluster into five CCs, of which three are strongly 
associated to human infection (CC1, CC5 and CC8), while two are 
related with infection in livestock (CC133 and CC398). According to the 
multivariate analysis performed to examine the association of STs with 
the available variables, the first two PCs accounted for 51.4% of the 
variance (Supplementary Table 2). The variables that were more related 

Fig. 2. – Spa type distribution across mainland Portugal districts. Pie charts represent the proportion of each spa type in the pointed district. Top 15 most 
frequent spa types countrywide are represented in colours. Districts represented in the map host ten or more isolates. Map was generated with QGIS software v3.16. 
(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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to PC1 were sex, host (wild boar and red deer) and the sampling district 
(Leiria) (Supplementary Fig. 4). As for PC2, the more related variables 
were sex, age class and host (wild boar and red deer) (Supplementary 
Fig. 4). When clustered according to STs in the PCA, isolates from ST544 
were the only ones presenting a restricted association with variables 
male, adult, and wild boar, while the remaining top 6 STs presented a 
wider distribution in the first two PCs (Supplementary Fig. 4). Both adult 
trait and wild boar as host species were correlated with ST544 (Sup-
plementary Table 3). Sequence types do not appear to present any 
geographical bias (Supplementary Fig. 5). 

The overall discriminatory power of both techniques was high, with 
spa typing (D = 0.8774) presenting higher power than MLST (D =
0.7879). Although the number of isolates subjected to spa typing was 
higher than those effectively submitted to MLST, it should be reminded 
that the discriminatory power accounts for the number of types and their 
relative abundance. Concerning allelic diversity of each MLST locus, the 
values ranged from 0.6903 to 0.7865, with yqiL being the most 
discriminatory: pta (h = 0.6903), glpF (h = 0.7098), tpi (h = 0.7273), 
arcC (h = 0.7355), gmk (h = 0.7562), aroE (h = 0.7614) and yqiL (h =
0.7865). 

3.3. Antimicrobial resistance phenotypes and genotypic resistance 
markers 

Concerning antimicrobial resistance, the phenotypic characteriza-
tion of 303 isolates led to the identification of 91 S. aureus resistant to at 
least one antimicrobial agent according to EUCAST clinical criteria. 
From those, ten were classified as multidrug resistant, three being pos-
itive for the detection of mecA resistance marker and the remaining 
presenting a non-wild type phenotype to at least one antimicrobial agent 
from at least three different categories (Table 3). The mecC marker was 
not detected among the 303 S. aureus isolates. All multidrug resistant 
isolates, with the exception of one isolate from red deer, were retrieved 
from wild boar (Table 2). Additionally, one isolate exhibited a MIC of 4 
mg/L for vancomycin, which although being considered wild-type (i.e. 
susceptible) according to EUCAST clinical criteria (EUCAST, 2021), 
stands right at the MIC breakpoint value above which resistance 
(non-wild type) is considered (Table 3). The antimicrobials to which 
phenotypic resistance was more frequent were penicillin (27.1% of 
isolates), followed by erythromycin (6.9%), tetracycline and cefoxitin 
(4.3%), gentamicin and oxacillin (3.3%), ciprofloxacin (1.7%) and 
linezolid (1.0%) (Supplementary Table 1). In the whole set of 303 iso-
lates, resistance to either trimethoprim-sulfamethoxazole or vancomy-
cin was not detected. Isolates from different hosts presented different 
patterns of resistance: for cervids, resistance to benzylpenicillin 
(25.9%), tetracycline (7.4%), oxacillin (3.7%), cefoxitin (1.9%) and 
ciprofloxacin (0.9%) was registered. The isolates from wild boar pre-
sented resistance to all antimicrobials from the selected panel, with the 
exception of trimethoprim-sulfamethoxazole and vancomycin, as 
referred above. Principal component analysis of resistance phenotypes 

categories was completed: isolates were classified into three categories 
according to their antimicrobial resistance phenotype: “Susceptible” for 
fully susceptible isolates, “Resistant” for isolates resistant to at least one 
antimicrobial agent and “Multidrug resistant” for isolates defined as 
such, according to the definition previously defined. The first two PCs 
account for 50.9% of the variance (Supplementary Table 2), showing 
that the variables more related to PC1 were sex, host (wild boar and red 
deer) and the sampling district (Leiria) (Supplementary Fig. 6). As for 
PC2, the most related variables were sex, age class and sampling district 
(Portalegre and Leiria) (Supplementary Fig. 6). When clustered, multi-
drug resistant (MDR) isolates exhibited a restricted association to vari-
ables adult, female and wild boar (Supplementary Fig. 6), with a strong 
correlation of MDR to the female trait supported by a statistical test 
(p-value = 0.0005) (Supplementary Table 3). The highest number of 
antimicrobial resistant isolates were retrieved from hosts in sampling 
site number 33, located in Beja district (n = 29), sampling site number 
21, located in Setubal district (n = 13) and sampling site number 19, in 
Portalegre district (n = 14). 

Results from molecular typing and antimicrobial resistance are 
summarized in Fig. 3. 

3.4. Ecological modelling to unravel significant predictors of AMR 
occurrence 

The data presented spatial autocorrelation (Moran’s I = 0.057; p- 
value < 0.001) indicating the need to use the variable Municipality as a 
random effect in the GLMM, to account for this data structure. Multi-
collinearity was confirmed for variables Forest_cov, Cattle_abund and 
Driest_prec, which were then discarded from the corresponding hy-
pothesis due to the high VIF values (VIF>5). Thus, the combinations of 
the following variables were tested for each hypothesis: H1) Land Use, 
H2) Livestock abundance, H3) Anthropogenic disturbance, H4) Wild 
ungulates presence, H5) Life-history traits and H6) Climate. The hy-
pothesis with the highest support was the combined hypothesis, which 
registered lowest overall AICc (Table 4). However, four models within 
this hypothesis showed a ΔAICc<2, and therefore we estimated an 
average model representing the most parsimonious and explanatory 
hypothesis to describe the presence/absence of antimicrobial resistance 
in S. aureus isolates. Those four models were composed by a combination 
of four variables: Agriculture, Sex, Swine and Mouflon. The average 
model highlights the influence of Agricultural land cover, swine abun-
dance and sex as the predictors of antimicrobial resistance, with 95% 
confidence intervals that did not cross zero. Thus, areas with higher 
proportion of agricultural lands and swine abundance have a higher 
probability of antimicrobial resistance occurrence (Supplementary 
Table 4). Furthermore, females were also more prone to host antimi-
crobial resistance strains than males, supporting the preliminary pre-
dictions by the use of PCA (Supplementary Table 4). The AUC value 
derived from the ROC curve reached 0.8601, revealing good accuracy of 
the average model to predict the occurrence of antimicrobial resistance 
in S. aureus isolates (Fig. 4) (Manel, Williams, & Ormerod, 2001). 

4. Discussion 

The global dissemination of ARG and AMR bacteria presents a global 
threat to public and ecosystem health. Most studies on S. aureus have 
focused the human and veterinary settings, while the environmental 
sphere including wildlife, has been neglected. However, to understand 
the circulation of antimicrobial resistance determinants, including those 
specifically associated to S. aureus ecology, it is key to expand surveil-
lance at the interface of natural and humanized environments. Wild 
ungulates offer that opportunity, which was thus explored in this study. 
They may establish the link between different environments (e.g. urban, 
natural and semi-natural) through a complex web of interactions, as 
they have large home ranges, are untreated with antibiotics, and their 
habitat can overlap with livestock and humans (Torres, Fernandes, et al., 

Table 3 
– Resistance profile of multidrug resistant Staphylococcus aureus isolates. 
GEN – Gentamicin; LIN – Linezolid; TET – Tetracycline; CXI – Cefoxitin; CIP – 
Ciprofloxacin; BEN – Benzylpenicillin; OXA – Oxacillin; ERY – Erythromycin.  

Host Isolate ID Resistance phenotype mecA mecC 

Wild boar 0645 GEN-LIN-TET – – 
Wild boar 0649 CXI-CIP-GEN-BEN-OXA – – 
Wild boar 0650 CXI-CIP-GEN-LIN-BEN-OXA – – 
Wild boar 0651 CXI-CIP-GEN-BEN-OXA – – 
Wild boar 0698 CXI-CIP-GEN-BEN – – 
Wild boar 0959 CXI-BEN-OXA + – 
Wild boar 0960 CXI-BEN-OXA + – 
Wild boar 0980 CXI-ERY-GEN-BEN – – 
Wild boar 1012 CXI-GEN-TET-BEN-OXA – – 
Wild boar 1045 CXI-ERY-BEN + –  
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2020). Furthermore, distinctive ecological features (e.g. feeding habits, 
space use) and life history traits, like the foraging and opportunistic 
feeding behaviour of wild boar near human settings, which contrasts 
with human avoidance among deer, makes them good models to assess 
anthropogenic influence on AMR dissemination. Our results show that 

wild ungulates carry S. aureus at a relatively high proportion. These 
results are in line with others across Europe (Monecke et al., 2016; 
Porrero et al., 2014; Ruiz-Ripa et al., 2019; Seinige et al., 2017). They 
show different carrier proportions among the different surveyed host 
species, but also highlight geographical differences. In this work, there is 
a higher representability of the Central to South region of Portugal, less 
explored so far in the few existing studies. Differences in the overall 
proportion of carriers between regions was verified. Interestingly, red 
deer is also more abundant at the Centre. The estimated carriage per-
centages point to a proportion of 32.2% carriers amongst wild boar in 
mainland Portugal. Likewise, in Spain, the percentage of carriers has 

Fig. 3. Molecular diversity and antibiotic resistance profiling of Staphylococcus aureus isolates from wildlife species.  

Table 4 
Best models for each of the working hypothesis selected according to the model’s 
AICc and ΔAICc.  

Models df AICc ΔAICc AICc 
weight 

H1 – Land Use hypothesis 
Agriculture + (1|Municipality) 3 259.0 0.00 0.549 
Agriculture + Water bodies + (1| 

Municipality) 
4 260.6 1.60 0.246 

Agriculture + Artificial + (1|Municipality) 4 261.0 1.98 0.205 
H2 – Livestock abundance hypothesis 
Swine + (1|Municipality) 3 263.0 0.00 0.560 
Swine + Poultry + (1|Municipality) 4 264.7 1.71 0.238 
H3 – Anthropogenic disturbance hypothesis 
Population density + (1|Municipality) 3 264.6 0.00 1.000 
H4 – Wild ungulates presence hypothesis 
Mufflon + (1|Municipality) 3 259.9 0.00 0.721 
Mufflon + Roe deer + (1|Municipality) 4 261.8 1.89 0.279 
H5 – Life-history traits hypothesis 
Sex + (1|Municipality) 3 262.72 0.00 0.48 
Sex + Age + (1|Municipality) 4 263.84 1.13 0.27 
Sex + Host + (1|Municipality) 5 264.0 1.28 0.25 
H6 – Climate hypothesis 
Annual precipitation + (1|Municipality) 3 261.5 0.00 1.000 
H7 – Multiple variable hypothesis 
Agriculture þ Sex þ Swine þ (1| 

Municipality) 
5 252.9 0.00 0.345 

Sex þ Swine þ Mufflon þ (1| 
Municipality) 

5 253.2 0.31 0.295 

Agriculture þ Sex þ Swine þMufflon þ
(1|Municipality) 

6 253.8 0.88 0.222 

Agriculture þ Sex þ (1|Municipality) 4 254.8 1.82 0.138  

Fig. 4. – Receiver Operating Characteristic Curve (ROC) for the average 
model of the best hypothesis. Area Under the Curve (AUC) = 0.8601. 
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been reported to range from 17.7% to 65.0%, depending on the surveyed 
geographical area, with the first work including ten different Spanish 
provinces, while the later was focused on one region only (Porrero et al., 
2014; Ruiz-Ripa et al., 2019). Other European countries like Germany, 
Austria or Sweden have also reported wild boar as a carrier of S. aureus 
(Monecke et al., 2013; Seinige et al., 2017), highlighting the role of this 
species as a maintenance host. As for red deer, we found that 53.7% were 
carriers of S. aureus, which is higher than the average rates reported in 
Spain for red deer under semi-extensive farming, ranging from 24.6% to 
44% (Gómez et al., 2015; Ruiz-Ripa et al., 2019). As for wild red deer, 
the reported values in other countries range from 19.78% in Spain to 
90.67% in Italy (Luzzago et al., 2019; Porrero et al., 2014). The latter 
prevalence rate represents an extreme scenario, in which an active 
culling program was applied thereafter due to overabundance of red 
deer in a specific region. Both wild boar and red deer have been reported 
to be increasing their population density across Europe, with the Iberian 
Peninsula reflecting such trend (Massei et al., 2015). The higher popu-
lation density and changes in landscape cover have been possibly pro-
moting the contact of wild ungulates with S. aureus, namely through the 
presence of wild boar, for which the foraging and feeding behaviour may 
promote a closer contact with human populations. Altogether, these 
studies suggest that S. aureus carriage in wild red deer in Portugal may 
be experiencing an increasing trend as well, along with host population 
density. Red deer are gregarious species, living in family groups, 
particularly the females, which could thus have spill over effects in other 
sympatric species (Palomo, Gisbert, & Blanco, 2007). Regular moni-
toring should thus be assured in the future. 

Concerning the molecular characterization of the 303 S. aureus iso-
lates, the most frequent spa types were t11502 (n = 82), t12939 (n = 26), 
t3750 (n = 22), t7386 (n = 18) and t002 (n = 17). We also found one of 
the most frequent spa types across Europe, spa type t3750. This molec-
ular type has been reported as the most frequent in wild boars in Spain 
(Porrero et al., 2014) and, more recently, in Portugal (Sousa et al., 
2017). Correspondently, t11502/ST2678 and t12939/ST2678 presum-
ably represent around one third of the total set of isolates retrieved, 
being previously reported only in Spain (Heaton et al., 2020; Porrero 
et al., 2014). Also strongly represented was ST425, more commonly 
found in animals, ranging from small mammals, like rabbits, Oryctolagus 
cuniculus (Vancraeynest et al., 2006), or badgers, Meles meles (Monecke 
et al., 2016), to wild boars (Porrero et al., 2014; Seinige et al., 2017), red 
deer (Monecke et al., 2016), roe deer, Capreolus capreolus (Porrero et al., 
2014), or Iberian Ibex, Capra pyrenaica (Porrero et al., 2014). In 
contrast, we also detected the presence of STs clustered in CCs like CC1, 
CC5 or CC8, which are more commonly associated to humans. However, 
those STs have also been found associated with particular animal hosts, 
like CC5 with poultry (Nübel et al., 2008) or CC8 with bovines (Resch 
et al., 2013), via host species jump events. In Portugal, the genetic di-
versity of S. aureus isolates from different hosts was evaluated in a study 
that reported humans hosting S. aureus belonging to CC22, CC5, CC15, 
CC8, CC398, CC30 and CC45 (Salgueiro et al., 2020) strains. As for the 
animal component, CC5, CC1, CC398, CC30, ST130 and ST121 strains 
were isolated (Salgueiro et al., 2020). We also found some of those 
molecular types in this work, namely CC1, CC5, CC8 and CC398. It 
should be noted that in the previous study, CC8 was exclusively linked to 
humans, while in our work we identified CC8 in wild ungulates as well. 
Such molecular diversity in wildlife raises questions on the origin of 
those strains, and on how sampled hosts may have interacted with 
livestock or humans. 

Three MRSA isolates encoding mecA and belonging to spa type 
t7386/ST544 were detected. The set of 303 isolates was also tested for 
the presence of mecC resistance determinant, but none of the retrieved 
isolates presented amplification of this gene. Nevertheless, this deter-
minant was previously linked to CC130 and ST425 (García-Álvarez 
et al., 2011), with the latter being one of the most frequent molecular 
types in this study. This finding may also be linked to the fact that mecC 
appears to have a low prevalence, even amongst animals, as estimated in 

a meta-analysis from 2016 that establishes mecC prevalence at 0.10% 
(Diaz, Ramalheira, Afreixo, & Gago, 2016). Additionally, we found 
discordant results concerning the lack of mec amplification in cefoxitin 
resistant isolates by agar disk diffusion, for which we were not able to 
clarify the source. To further explore the genetic region around mecA, 
whole genome sequencing will be applied to these isolates in the near 
future. The results of antimicrobial susceptibility testing to selected 
antimicrobials revealed that around one third of retrieved isolates were 
non-wild-type. Benzylpenicillin was the drug to which most isolates 
were resistant, with almost one third of 303 isolates exhibiting a 
non-wild-type phenotype, in agreement with previous studies from 
Europe and northern Africa (Gómez et al., 2015; Mairi et al., 2019; 
Porrero et al., 2014; Sousa et al., 2017). Three phenotypically 
linezolid-resistant isolates were detected in wild boar and red deer. In 
agreement, linezolid-resistant S. aureus was recently reported in the 
North of Portugal and amongst healthy pigs (Leão, Amaro, Albuquerque, 
& Clemente, 2021; Sousa et al., 2017). The increasing description of 
linezolid-resistant S. aureus amongst wild and farmed animals has sug-
gested that the use of antimicrobials in the treatment of human in-
fections, leads to consequences that exceed widely the healthcare 
setting, as it is the case of MRSA (Kang et al., 2020; Sousa et al., 2017). 
This trend in the animal counterpart has followed the increasing pattern 
of usage of linezolid in the treatment of human MRSA infections in 
recent years (Matrat et al., 2020). 

Although one third of S. aureus herein retrieved were resistant to one 
antimicrobial and some showed phenotypic resistance to linezolid and/ 
or cefoxitin, very few were MDR, suggesting that most of these antibiotic 
resistance phenotypes may revert in the absence of antibiotic pressure. 
To mitigate these selective pressures, xenobiotic containment buffers 
across the environment are crucial. Most antimicrobial resistant isolates 
presumably belong to ST544 (n = 18), ST2678 (n = 18), ST5 (n = 14), 
based on the inference of presumptive ST from the corresponding spa 
type representative. Those STs have been generally associated with 
human settings, like community or healthcare (Lin et al., 2017; Ochoa 
et al., 2020; Ruffing et al., 2017), highlighting the potential acquisition 
of antimicrobial resistance determinants by direct or indirect (Matus-
zewska et al., 2020) contact with humans. This contact may indeed be 
unexpectedly relevant since ST544, which harbours the higher number 
of the antimicrobial resistant isolates in our study, had never been 
previously reported in livestock or wildlife to the extent of our 
knowledge. 

Potential interactions between wildlife and livestock may explain the 
presence of several molecular types associated to livestock amongst the 
wildlife animals sampled in this study. In Portugal, wild boar and red 
deer are the main big game species, with free-ranging populations, but 
also may be maintained in high densities in fenced estates, coexisting 
with cattle farming (Gonçalves, Alcobia, Simões, & Santos-Reis, 2012). 
With generalist omnivorous behaviour, wild boar opportunistically feed 
on crops on agricultural lands, providing opportunities for indirect 
exposure to humans and human activities, and indirectly contact with 
livestock at aggregation spots for feeding and watering (Johann, 2020; 
Miller, 2017). Similarly, red deer seems to adapt its behaviour and 
habitat use when in direct contact with humans (Coppes, 2017). Many 
recreational areas, such as hunting grounds, and human forested areas 
overlap geographically with red deer’s habitat, promoting temporary 
avoidance of areas with frequent human presence (Coppes, 2017). 
Nonetheless, red deer is suggested to develop habituation to human 
presence, mainly in regions where they are not hunted (Coppes, 2017). 
Most interactions between livestock and wild ungulates are found to be 
indirect through the partitioned use of resources (Carrasco-Garcia et al., 
2016). 

Artificial feed and water supplies devised for livestock in pastures 
and within farms can be particularly attractive for wildlife, fostering 
direct and indirect species interactions which is the case of Alentejo 
region (Carrasco-Garcia et al., 2016). Supplementary feeding and bait-
ing in hunting estates are also common practices, increasing 
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anthropogenic influence exerted upon wildlife (Laguna et al., 2021). 
Simultaneously, in North and Central Portugal, extensively managed 
livestock frequently share aggregation points, namely feed and water 
supplies, with wild ungulates, promoting indirect contacts and oppor-
tunities for spill over. In agreement with these notions, the percentage of 
isolates retrieved from wildlife that share molecular types more 
commonly associated to livestock ascends to 23.5% in this work, while 
19.13% share human related molecular types. In parallel, the fact that 
most AMR isolates, as well as the mecA-encoding MRSA, belong to 
human-associated molecular types provide indication of human distur-
bance exerted upon wildlife, namely through additive feeds containing 
xenobiotics for metaphylactic purposes in livestock farms (e.g., amino-
glycosides, polymyxins, penicillin and tetracyclines) and also through 
the environmental contamination of soils and watersheds. In fact, 
reinforcing the relevance of human disturbance upon ecological set-
tings, our modelling approaches clearly indicate that agricultural land 
cover and livestock production (i.e. swine abundance) are linked to the 
occurrence of antimicrobial resistant S. aureus. The AMR problem 
associated to extended use in animal husbandry is exacerbated, by poor 
sanitation in rural settings and wastewater infrastructures that are 
inappropriate to deal with antibiotic residues or resistant bacteria, 
contributing to significant environmental contamination (Fouz et al., 
2020). Manure application in agricultural soils leads to the infiltration of 
xenobiotic and AMR bacteria into soil, then into groundwaters, while 
the direct discharges of effluents into watersheds contaminate superfi-
cial waters (Silva et al., 2020). These water bodies are subsequently used 
by wild animals and are exploited for raw water uptake for human 
drinking purposes, potentially perpetuating the cycle of AMR bacter-
ia/xenobiotics in several spheres. Nevertheless, in our study, the pres-
ence of antimicrobial resistant S. aureus was not related to the 
percentage of water bodies coverage of the sampled municipalities, 
suggesting that other sources might be more influential in the landscape 
context of the monitored areas in Portugal. Moreover, antimicrobials 
naturally produced by environmental bacteria may also exert selective 
pressure. 

5. Conclusion 

Our results suggest that carriage of antimicrobial resistant S. aureus 
by wild ungulates may be due to specific socio-ecological conditions 
linked to human-associated disturbance, like proximity to livestock 
(namely, swine abundance) and landscape conversion towards agricul-
tural lands, a subject that deserves further evaluation in the future. 

The results provided by this study highlight the relevance of main-
taining a comprehensive approach under the realm of One Health by 
dissecting the several components at the human, environment and 
livestock interfaces that may act upon the lifecycle of antimicrobials and 
AMR bacteria. It has become clear that even though wildlife does not 
come in contact with antimicrobials directly, they have a role in the 
maintenance and dispersal of antimicrobial resistance determinants. 
The fact that some resistance determinants, like mecA, or the presence of 
linezolid-resistant isolates, that are usually linked to human-associated 
strains are also present in wild boar and red deer, reveals that addi-
tional measures must be taken in order to prevent the indirect sources of 
contamination. There is an obvious need to mitigate routes of trans-
mission of AMR bacteria and ARG to wildlife, with particular priority to 
epidemiological surveillance studies that integrate the environmental 
context to understand the complex dynamics of AMR and then, inter-
vene. Prevention of further spread of AMR bacteria is of the utmost 
importance and will require a multidisciplinary approach involving all 
stakeholders. 
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Bates, D., Mächler, M., Bolker, B., Walker, S., 2015. Fitting linear mixed-effects models 

using lme4, 2015 J Journal of Statistical Software 67 (1), 48. https://doi.org/ 
10.18637/jss.v067.i01. 
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Silvestre, J., Póvoa, P., 2012. Infeção por staphylococcus aureus meticilina-resistente 
da comunidade em Portugal. Rev. Port. Pneumol. 18 (1), 34–38. https://doi.org/ 
10.1016/j.rppneu.2011.05.007. 

Nübel, U., Roumagnac, P., Feldkamp, M., Song, J.-H., Ko, K.S., Huang, Y.-C., 
Achtman, M., 2008. Frequent emergence and limited geographic dispersal of 
methicillin-resistant Staphylococcus aureus. Proc. Natl. Acad. Sci. Unit. States Am. 
105 (37), 14130. https://doi.org/10.1073/pnas.0804178105. 
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