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Antimicrobial resistance is a global emerging public health issue whose presence and impact in wildlife
are widely unknown. Antimicrobial resistance genes (ARGs) are considered environmental contaminants,
suitable to evaluate the degree of anthropic impact on wildlife and the environment. We used a wild felid,
the guigna (Leopardus guigna), as a sentinel for the presence of ARGs in anthropized and pristine areas
across their entire distribution range in Chile. We evaluated fecal samples from 51 wild guignas, collected
between 2009 and 2018. Real-time PCR essays were employed to detect and quantify 22 selected ARGs in
their fecal microbiome. All animals (100%) were positive for at least one ARG. The most prevalent ARG
families were those that confer resistance to tetracycline (88.2%) and beta-lactamase (68.9%), with tet
(Q) (60.8%), tet(W) (60.8%), and blargy; (66.7%) as the most prevalent ARGs. Multi-resistance profiles were
observed in 43% of the guignas. Statistically significant differences were found between anthropized and
pristine areas for tet(Q) (p = 0.014), tet(W) (p = 0.0037), tetracycline family (p = 0.027), multi-resistance
profile prevalence (p=0.043) and tet(W) quantification (p=0.004). Two animals from anthropized
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MecA landscapes were positive for mecA, a gene associated with Staphylococcus aureus and other staphylococci

Blacrx-m
Public health

resistant to methicillin, while three animals from anthropized areas were positive for blacrx.p, that
encodes class A extended-spectrum beta-lactamase. Both genes have been identified in bacteria causing

relevant nosocomial infections worldwide. This is the first study on ARGs in wild felids from Chile and the
first detection of mecA in South American wild felids. We observed an association between the degree of
landscape anthropization and ARG prevalence, confirming that ARGs are important indicators of wildlife
exposure to human activity/presence, with a widespread distribution.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Antimicrobial resistance is a worldwide phenomenon of public
health concern (Marston et al., 2016; O’Neill, 2018). Worldwide
dispersion of antimicrobial resistance has been attributed to the
excessive and inappropriate use of antibiotics, as well as little
development of new drugs due to reduced economic incentives
and the complex regulatory requirements involved (Goossens,
2005; Gould and Bal, 2013; Ventola, 2015). Antibiotics are used
worldwide not only in the treatment of human and livestock dis-
eases but also as livestock growth promoters and improvers of
feed efficiency (Bartlett et al., 2013; Sarmah et al., 2006), and in
agriculture to treat bacterial infections in plants (Golkar et al.,
2014), leading to considerable geographic dispersion and changes
in environmental microbiota (Golkar et al., 2014; Ventola, 2015).
For instance, approximately 90% of the antibiotics used in live-
stock are released to the environment through animal waste
and widely dispersed through the use of slurry (Bartlett et al.,
2013). Environmental pollution by antibiotics from urban, agri-
cultural and livestock origin persists in soil and aquatic environ-
ments, leading to a selective pressure that contributes to the
development and maintenance of antimicrobial resistance
(Schwartz, 2012). Thus, the study of environmental antibiotic
resistances and antibiotic resistance genes, including those found
in wildlife, is paramount to better understand the
anthropogenically-derived antimicrobial pollution in ecosystems
(Swift et al., 2019).

The widespread human use of antibiotics may turn the pres-
ence of environmental antibiotic resistances into indicators of
the degree of anthropogenic impact on ecosystems (Allen et al.,
2010; Kozak et al., 2009; Radhouani et al., 2011). Several studies
have reported that species inhabiting adjacent to human-
populated or agricultural areas present a higher frequency of
resistance gene-carrying bacteria than those inhabiting more
remote areas (Cole et al., 2005; Furness et al., 2017; Kozak
et al,, 2009). Such findings suggest that wildlife species adapted
to both anthropized and pristine areas could be used as indicators
of the degree of anthropization of these ecosystems (Furness
et al., 2017; Larsson et al., 2018; Sayah et al., 2005; Swift et al.,
2019). However, a sentinel species should fulfill some require-
ments; occupy an elevated position in the trophic chain, and pre-
sent territorial behavior, a long-life span and a varied diet.
Carnivores are excellent sentinels, able to reflect their environ-
ment (Millan et al., 2014; Naccari et al., 2013). The guigna (Leop-
ardus guigna) is a small felid species endemic to Chile and a
restricted area of SW Argentina, closely associated with native
forests and vegetation cover (Napolitano et al., 2015a, 2015b).
Cataloged as Vulnerable by the IUCN (Napolitano et al., 2015b)
with declining populations, its main threats are habitat loss and
fragmentation, forcing guignas to adapt to human-dominated
landscapes and inhabit forest fragments surrounded by a human
matrix of agricultural and livestock activities. The use of a carni-
vore such as the guigna, able to inhabit both fragmented land-
scapes and pristine remote areas, as a sentinel of antimicrobial

resistance genes, may enable the indirect evaluation of the degree
of anthropogenic impact in different areas and its correlation with
other health studies on this threatened species.

Likewise, understanding the role of wild species in the mainte-
nance of antibiotic resistance would shed light on the dynamics of
antibiotic resistance, its dispersion, medium transference and
maintenance within bacterial populations.

The goal of the study was to evaluate the presence and load of
antibiotic resistance genes (ARGs) in guignas from pristine and
fragmented landscapes across their distribution range in Chile, in
order to assess the degree of environmental anthropization as well
as to elucidate the role of wildlife in antibiotic resistance gene
dynamics in natural environments. We hypothesized that guignas
inhabiting human-dominated landscapes would have a higher fre-
quency and load of resistance gene-carrying bacteria than those
inhabiting pristine areas.

2. Material and methods
2.1. Study area

The study area encompassed the whole distribution range of the
guigna in Chile, corresponding to four biogeographic areas and
nine administrative regions in central and southern Chile
(33°S—46°S) (Napolitano et al., 2015b) (Fig. 1, Table S1).

Study sites included a gradient of different landscape types,
ranging from continuous near pristine native forest with no human
presence, to human-perturbed landscapes with fragments of rem-
nant forest surrounded by a matrix of agriculture and livestock
activities with high human densities. The central area of the coun-
try is the most populated, concentrating 79% of the total popula-
tion of the country, while the southern area has lower population
density (INE, 2017).

2.2. Sample collection

Fecal samples were collected between 2009 and 2018 from a
total of 51 (Table S2). (23 live and 28 dead) free-ranging guignas.
Direct fecal samples were collected from the rectum in live individ-
uals captured using tomahawk-like live traps (n=15) or upon
admission into wildlife rescue and rehabilitation centers (WRRC;
n = 8). Dead individuals, road-killed or euthanized at WRRC, were
sampled during necropsies and fecal samples from the rectum
were collected (n=28). All samples were kept frozen at —20 °C
until laboratory analysis.

Guigna trapping and fecal collection were conducted following
previously published protocols (Napolitano et al., 2015a, 2015b),
and handling and supervising guidelines within bioethical and ani-
mal welfare frameworks approved by the Chilean Agriculture and
Livestock Service (SAG) (capture permits 814/13 2008, 109/9
2009, 1220/22 2010, 1708/26 2010, 7624/2015, 2288/2016,
2185/2017, 4072/2018). The anesthesia protocol was 5 mg/kg
ketamine (Ketamine 100®, Chemie) and 0.05 mg/kg dexmedeto-
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Fig. 1. Study area encompassing the entire distribution of guignas in Chile and each sampled guigna location.

midine (Dexdomitor® 0.5 mg, Ecuphar), adapted from methods
described for other wild felids in South America (Pampas cat [L.
colocolo] and Geoffroy’s cat [L. geoffroyi] Beltran et al., 2009). Sex,
age range (estimated from dentition) and GPS location were
recorded for each individual. A total of 23 females and 28 males,
40 adults and 11 juveniles were sampled.

2.3. Laboratory analysis

Total DNA extraction from fecal samples was performed by a
pressure filtration method (QuickGene DNA Tissue Kit S, Fujifilm,
Japan), following the manufacturer’s instructions. The 16S rRNA
gene was amplified in each sample by real time PCR (rtPCR) in
10-fold dilutions of extracted samples in order to detect the pres-
ence of bacterial genetic material, according to Jiang et al. (2013). A
sample was considered as validated when a ten-fold dilution
showed a cycle threshold (Ct) less than 25 (Esperén et al., 2018).
Once validated, the samples were analyzed by a panel of 22 differ-
ent ARGs by rtPCR. ARG selection was based on three main param-
eters: (1) genes with expected high frequency of detection (genes
aadA [PCR protocol amplifies all the aadA variants], cat, str [PCR

protocol amplifies both str genes, i.e., strA and strB], sul and tet);
(2) use in animal production and/or human health (genes erm,
blargy and gnr); and (3) impact on public health (genes blacrx.ns,
mcr-1 and mecA), as previously described (Chen et al., 2007
Cummings et al., 2011; Devarajan et al.,, 2016; Francois et al.,
2003; Jiang et al., 2013; Marti and Balcazar, 2013; Nieto-Claudin
et al., 2019; Wang et al.,, 2014, Table S2). All the ARGs were
detected and quantified directly in the fecal microbiome by gel-
based rtPCR using Eva Green (Biotools, B & M Labs, S.A., Madrid,
Spain), except blargy and gnrB, which were analyzed by conven-
tional rtPCR using Sybr Green.

2.4. Data analysis

Relative quantification of positive samples was based on the
cycle threshold (ct) of the 16S rRNA present in each sample and
the specific ct for each gene. To normalize the study, ct was
obtained from the fluorescence variation value ((AF/AC) = 0.02).

An estimate of the percentage of bacteria harboring ARGs (load
percentage of each ARG) was calculated based on the formula %
gene X = 10[2 + 0.33ct16S — ctgeneX], where ct is the cycle thresh-

Table 1

Prevalence of each family of antimicrobial resistance gene and prevalence of multi-resistance profiles in sampled guignas.
Family of Tetracycline Sulfonamides Aminoglycosides Phenicoles Macrolides Quinolones Betalactams Methicillin Colistin  Multi-
antimicrobial resistance
resistant gene profiles
Prevalence (%) 88.2 15.69 19.61 3.92 33.33 15.69 68.63 3.92 0.0 43.14
Lower 95% CI 79.08 05.35 8.33 1.59 19.94 535 55.45 -1.59 0.0 29.07
Upper 95% CI 97.39 26.02 30.89 9.43 46.72 26.02 81.81 9.43 0.0 57.21
n 45 8 10 2 17 8 35 2 0 22
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old (16S rRNA is for bacterial determination and ARG is for each
gene), and 0.33 is the mean slope for all the genes tested. Results
were expressed in log;o scale of the hypothetical percentage of
bacteria presenting each gene, for the percentual load of ARGs.
Our custom-made formula expresses the results in percentages
and correlates highly with those previously published (Xie et al.,
2016) (R? = 0.997; data not shown). The results range from —8 to
+2; a value of —8 is given to a sample when considered negative.
The z-score value (number of standard deviations a data point is
from the mean value) of each ARG and ARG families was calculated
and correlated with landscape variables.

Fecal microbiome samples resistant to three or more different
classes of antimicrobials were classified as “multi-resistance pro-
files”, following the classification proposed by Blanco-Pefia et al.
(2017). A k-means clustering method was applied to investigate
the resistance patterns (GENESIS software v. 1.7.7, Graz University
of Technology, Graz, Austria), based on the assignment of each
sample to one cluster.

To identify and describe landscape features associated with
guigna sampling locations, a circular buffer for each sample loca-
tion was generated with the QuantumGIS 2.14® program, corre-
sponding to the mean home range described for the species
(males = 446 ha; females=170ha) (Dunstone et al., 2002;
Sanderson et al., 2002; Schiittler et al., 2017). We described and
quantified six landscape variables in each buffer area: (1) percent-
age of vegetation cover (Hansen et al, 2013); (2) presence of
houses; (3) number of houses; (4) distance from capture location
to the nearest house; (5) land use (fragmented landscape or contin-
uous forest) and (6) local administrative region. GIS layers were
obtained at the Ministerio de Bienes Nacionales. website
(Ministerio de Bienes Nacionales, 2019). QGIS 2.14® software was
used to extract landscape attributes.

Spatial and biological variables associated with ARGs, ARG fam-
ily prevalence and quantification and the presence of multi-
resistance profiles were assessed with crude and adjusted odds
ratios (ORs) calculated by a logistic regression analysis with 95%
confidence intervals and corresponding Kruskall Wallis and
Mann-Whitney U tests. The Chi-square test was used to assess
the relation between k-media clusters and spatial and biological
variables, while Mann-Whitney U tests and the Spearman correla-
tion test were used to establish the relation between z-score values
and independent variables.

Goodness of fit models were evaluated by the Hosmer
Lemeshow test, confidence intervals and an analysis of residuals.
All statistical analyses were performed in R software (R
Development Core Team, 2013) with a significance level of
p <0.05.

3. Results
3.1. Qualitative descriptive results

All sampled individuals (100%) were positive for at least one
ARG. Gene families able to confer resistance to tetracyclines
(88.2%) and beta-lactamase (68.6%) were the most prevalent
(Table 1), significantly greater than the rest of the families of
ARG (K=192.9, p<0.05). Multi-resistance profiles (positive for
three or more different ARG families) were observed in 43% of sam-
pled guignas (Table 1). Tet(Q) (60.8%), tet(W) (60.8%), and blargy
(66.7%) were the most commonly found ARGs (Table 2), signifi-
cantly greater than the prevalence of the rest of ARGs (K=308.2,
p<0.05).

K-means clustering showed most of the sampled individuals
were included in Cluster 1 (high percentage load charge cluster)
(Fig. 2).

Prevalence of antimicrobial resistance genes in the sampled guignas.

Table 2
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Fig. 2. Patterns of resistance obtained in guigna samples by k-means clustering of each antibiotic resistance gene. Cluster 1 includes samples with high relative percentage
load charge and Cluster 0 shows samples with low relative percentage load charge. Relative percentage load charge is expressed in a color scale from a minimum of —8 to a

maximum of +2.

3.2. Quantitative descriptive results

The highest mean ARG percentage load was observed for blargy,
(-3.2), tet(Q) (-4.3) and tet(W) (-4.2) genes, showing significant dif-
ferences in comparison to the rest of the ARGs analyzed (K = 301.5,
p <0.05) (Table 3).

3.3. Spatial and biological variables analysis

The only landscape use variable assessed that yielded signifi-
cant results was landscape composition (fragmented landscape
vs. continuous forest). Prevalence of tet(Q) (p=0.014), tet(W)
(p =0.003), tetracycline family (p = 0.02) and multi-resistance pro-
files (p = 0.04) and tet(W) quantification (U=117.5, p = 0.004) were
significantly higher in guignas inhabiting fragmented landscapes
than in those from continuous forests (Table 4, Table 5, Fig. 3). Sig-
nificant differences associated with guigna sex, age or year of sam-
pling were not observed.

Positive z-score values were observed mainly in individuals
inhabiting fragmented landscapes, while negative values were
found in guignas from continuous forests. The quinolone and
macrolide families presented the opposite trend. Z-score values
for the tetracycline family were significantly higher in guignas liv-
ing in fragmented landscapes than in continuous forests
(U=129.5; p=0.01) (Fig. 4).

Comparing animals from clusters 0 and 1 in relation to their
type of landscape of origin, significantly more sampled individuals
inhabiting fragmented landscapes belonged to cluster 1 (high load
charge percentage) (x?=5.26; p=0.02). Two individuals from
fragmented landscapes were positive for mecA, a gene associated
with methicillin-resistant Staphylococcus aureus, and three others
were positive for blacrx.y, an extended-spectrum beta-lactamase.

4. Discussion

Studies based on genetic analysis of antimicrobial resistance in
wildlife are limited and most of them differ in the set of genes ana-

lyzed and in the diagnostic methodology used, based mostly on
cultures (Blanco-Pefia et al., 2017; Jiang et al., 2013; Marti et al.,
2013). To the authors’ knowledge, this is the first study to use
direct (without culture) detection and quantification of ARGs by
rtPCR in the fecal microbiome of wild felids worldwide. This
method allowed a more complete analysis of the bacterial intesti-
nal microbiome of guignas, given that approximately 80% of bacte-
ria are not cultivable (Hamady and Knight, 2009). Unfortunately,
due to its novelty, the comparison between our results and those
from previous studies is limited.

Here we found that antibiotic resistance genes are very frequent
in the fecal microbiome of guignas across the study area, since all
individuals studied were positive for at least one ARG. This is con-
sistent with other studies that reported a widespread presence of
antibiotic resistance genes and phenotypes in bacteria from wild-
life and wild settings (Allen et al., 2010; Cristébal-Azkarate et al.,
2014; Martinez, 2009). The most prevalent ARGs were those that
potentially confer resistance to tetracycline and beta-lactam.
Although studies of antibiotic resistance genes and antimicrobial
resistances in wild felids are scarce, our genetic resistance profile
is similar to the phenotypic resistance profile observed in four wild
felid species (n=7) of Mexico (Cristobal-Azkarate et al., 2014),
which described tetracycline and beta-lactam as the most preva-
lent antibiotic families detected via antibiotic susceptibility testing
in cultured bacteria isolated from felid fecal samples. Likewise,
tetracycline was also the most frequently observed resistance in
E. coli isolates from wild small mammals in Canada (Kozak et al.,
2009) and wild birds of Spain (Sacristan et al., 2014). Tetracyclines
have been frequently used in veterinary medicine, being the first-
line antimicrobials employed for disease prevention and growth
promotion in livestock. Their widespread use has likely con-
tributed to the high rates of resistance worldwide, and they are
thus good models to compare different scenarios (Roberts, 1996).

To the authors’ knowledge this is the first description of rele-
vant public health-related ARGs (mecA and blacrx.y) in a wild felid
in South America. The gene mecA has been mainly described in
methicillin-resistant Staphylococcus aureus and also in other



Table 3

Relative percentage load of each antibiotic resistance gene expressed in logarithmic scale in the sampled guignas.
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Table 4

Prevalence of antibiotic resistance genes of the tetracycline family and multi-resistant
microbiome, prevalence and quantification of tet(Q) and tet(W) antibiotic resistance
genes found in guignas inhabiting fragmented landscapes and continuous forests.

Fragmented landscape Continuous forest n=13
n=38 Prevalence (%); (95% CI)
Prevalence (%); (95% CI)

94.7; (87.3-102.2)

Tetracycline 69.2; (40.2-98.2)

family
tet(Q) 71.0; (55.9-86.1) 30.7; (01.7-59.8)
tet(W) 73.7; (59.0-88.3) 23.0; (-3.4-49.6)
Multi-resistance 50.0; (33.3-66.6) 23.0; (-3.4-49.6)
profile
Fragmented landscape Continuous forest n=13
n=38 Mean relative percentage
Mean relative percentage load (SD)
load (SD)
tet(Q) -3.8(2.5) -5.5(2.4)
tet(W) -3.6 (2.4) —-6.0 (2.0)

staphylococci (Chen et al., 2016). Of note, Staphylococcus aureus is
one of the major causes of hospital and community-acquired infec-
tions, associated with high mortality rates (Lakhundi and Zhang,
2018) and increased hospital stays and health care costs
(Antonanzas et al., 2015). The gene blacrx.y has been related to
extended-spectrum beta-lactamases (Devarajan et al, 2016).
Extended-spectrum beta-lactamase (ESBL)-producing Enterobacte-
riaceae, currently classified as critical priority pathogens by the
World Health Organization (WHO), have been increasingly
reported in natural ecosystems and wildlife (Allen et al., 2010;
Dolejska and Papagiannitsis, 2018; Fuentes-Castillo et al., 2019).
In Chile, blacrx.p presence in wildlife has been previously reported
in wild birds of the order Strigiformes (Magellanic horned owl
[Bubo magellanicus], and rufous-legged owl [Strix rufipes]) received
at WRRC, rescued from different anthropogenically-impacted
ecosystems (Fuentes-Castillo et al., 2019).

Our hypothesis regarding higher frequency of ARG in guignas
from human-dominated areas was confirmed: animals from frag-
mented landscapes presented higher tetracycline prevalence and
quantification, and higher prevalence of multi-resistance profiles
in comparison to those inhabiting continuous pristine forests. Like-
wise, z-score and cluster analyses showed a relationship between
ARG and fragmented landscapes; higher z-score values were
observed for almost all ARG families in most individuals sampled
in human-dominated landscapes, included in cluster 1 (high rela-
tive load percentage cluster). Previous reports have described
higher ARG levels in species inhabiting human-dominated areas
(Cristébal-Azkarate et al., 2014; Kozak et al., 2009; Blanco-Pefia
et al., 2017; Cole et al., 2005; Hassell et al., 2017). In agreement
with our results, antibiotic resistance in the fecal microbiota of dif-
ferent species of wild felids in Mexico was higher in animals inhab-
iting anthropized areas when compared to those from pristine
areas (Cristobal-Azkarate et al., 2014). Kozak et al. (2009), showed
a relationship between anthropized areas and higher levels of
antibiotic resistance in E. coli isolates from wild small mammals.
A correlation between urbanization and the presence of high levels
of ARGs has also been reported, mainly for wild birds (Blanco-Pefia
et al., 2017; Cole et al., 2005; Hassell et al., 2017).

The current literature associates the presence of antimicrobial-
resistant bacteria in wildlife in contact with anthropogenic sources
such as farms and human waste (Allen et al., 2010; Radhouani
et al., 2011). Here we showed that, as previously described by other
authors (Furness et al., 2017; Vittecoq et al., 2016), wildlife could
act as sentinels of environmental ARGs in relation to the degree
of anthropization of the landscape they inhabit. Likewise, wildlife
may also become possible reservoirs of ARGs in the environment;
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Table 5
Best model explaining multivariable relationships between predictor variables and ARGs, ARG families and multi-resistant microbiome prevalence using logistic regression
analysis (n=51).

Regressioncoefficient ~ SE Odds ratio  95% confidence interval P value Hosmer Lemeshow test

a) Tetracycline family Fragmented landscape 2.0 09 80 1.3-64.7 0.02 p-value = 0.46
Continuous forest - - 2.2 0.7-8.3

a.1) tet(Q) Fragmented landscape 1.7 0.7 55 1.5-24.1 0.01 p-value=1.0
Continuous forest - - 04 0.1-14

a.2) tet(W) Fragmented landscape 2.2 0.7 93 2.3-48.4 0.003 p-value=1.0
Continuous forest - - 0.3 0.06-1.0

b) Multi-resistant microbiome  Fragmented landscape 1.7 08 54 1.2-31.7 0.04 p-value = 0.99
Continuous forest - - 0.12 0.0-0.7

ARG PREVALENCE
ARG TETRACYCLINE FAMILY MULTI-RESISTANCE PROFILE Tet(Q) Tet(w)
*
*
(1)8 =F= 15 * (1)3 ’ 83
i 0.8 k — i —_—
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Fig. 3. Statistically significant differences between antibiotic resistance gene prevalence and relative percentage load between guignas inhabiting continuous forests and
fragmented landscapes.
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Fig. 4. Z-score values of antibiotic resistance gene families in guignas inhabiting fragmented landscape and continuous forest.
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therefore, it is necessary to increase our knowledge of antibiotic
resistance dynamics among wild species.

Human-caused modification of natural habitats is the main
threat currently faced by guignas. According to our results, the
study of ARGs is a valuable tool to identify and evaluate the degree
of environmental contamination with ARG of the different types of
landscapes used by guignas and provides new insights for the
implementation of conservation strategies. Additionally, the pres-
ence of ARGs in the microbiome of threatened species is a potential
danger for future disease control and conservation efforts.

5. Conclusion

This is the first study on ARGs in wild felids of Chile and the first
detection of mecA in South American wild felids. We observed an
association between the degree of landscape anthropization and
ARG prevalence, confirming that ARGs are important indicators
of wildlife exposure to human activities in Chile. Despite the sam-
ple size limitation, our results contribute to elucidate the antibiotic
resistance dynamics in a wild-anthropized interface and can be
used to implement conservation measures for threatened species
such as the guigna. The results identify the human impact to
guigna habitat and allows a better understanding of the
anthropogenically-derived antimicrobial pollution in ecosystems.
Further information on the ecological drivers of ARGs in wildlife,
their transmission dynamics and range of conditions under which
gene/bacteria exchange occurs are imperative to elaborate and
implement solutions for this global public health crisis.
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