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Simple Summary: One of the most relevant health threats in recent years has been the antimicrobial
resistance of both pathogenic and commensal bacteria. The aim of the study was to evaluate the levels
of drug resistance among 413 Gram-negative and 183 Gram-positive bacteria, previously isolated
from six bat populations living in Sicilian and Calabrian territory (Italy), using the disk diffusion
method. Antimicrobial susceptibility analysis showed high resistance to some of the molecules tested
and the presence of numerous multi-drug-resistant (MDR) strains.

Abstract: The spread of antimicrobial resistance is one of the major health emergencies of recent
decades. Antimicrobial-resistant bacteria threaten not only humans but also populations of domestic
and wild animals. The purpose of this study was to evaluate the distribution of antibiotic resistance
(AMR) and multidrug resistance (MDR) in bacterial strains isolated from six Southern-Italian bat

check for populations. Using the disk diffusion method, we evaluated the antimicrobial susceptibility of

updates 413 strains of Gram-negative bacteria and 183 strains of Gram-positive bacteria isolated from rectal

(R), oral (O) and conjunctival (C) swabs of 189 bats belonging to 4 insectivorous species (Myotis
capaccinii, Myotis myotis, Miniopterus schreibersii and Rhinolophus hipposideros). In all bat species and
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highest levels of MDR (77.2% of isolates). No significant differences were found across different bat
species. Monitoring antibiotic resistance in wildlife is a useful method of evaluating the impact of
anthropic pressure and environmental pollution. Our analysis reveals that anthropic contamination
may have contributed to the spread of the antibiotic resistance phenomenon among the subjects

we examined.
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diffusion test

1. Introduction

The recent COVID-19 pandemic highlighted the potential role of bats as a reservoir

Copyright: © 2023 by the authors.

Licensee MDPIL Basel. Switzerland. and vehicle for dangerous infectious agents, underscoring the importance of implementing

surveillance and monitoring strategies. While a wide number of human pathogenic viruses
have been isolated from wild bat populations [1-4], less attention has been paid to bacterial
agents [5,6]. In particular, little information is available concerning the occurrence of
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alone [7] and a tragic increase in treatment failures. In fact, when a new antibiotic molecule
is introduced and begins to be employed in therapy circuits, the appearance of strains
resistant to that molecule is typically recorded within a short period of time. Resistance
therefore continuously conditions the choice, use, and future development of antibiotics.
For these reasons, the phenomenon of antibiotic resistance is profoundly relevant to, and
has a strong impact on, clinical practice. The spread of AMR has been linked to the excessive
and often indiscriminate use of antimicrobials in human and veterinary medical practice,
as well as in agricultural farming practices.

Besides humans and domestic animals, antimicrobial-resistant bacteria are often
present in wild animal populations, which therefore play a major role in the diffusion
of AMR [8-10]. Wild animals can acquire resistant bacteria from the environment, espe-
cially through contaminated food or water, and can therefore be considered indicators of
environmental pollution from resistant bacteria or genetic determinants of resistance [11].
The spread of resistant bacterial strains is strongly linked to anthropic activities [12,13].

Antibiotic-resistant bacteria have been isolated in several bat species worldwide [14],
and it seems that bats are more likely to carry antibiotic-resistant bacteria than other
taxonomic wildlife groups [15]. However, despite their potential role as environmental
reservoirs and vectors of AMR, no studies have comprehensively evaluated the occurrence
of resistant strains in European bat populations.

The levels of resistance reported in the literature vary according to the bacterial species
examined and the geographical site of the study [14]. Previous research revealed low AMR
levels in bacteria isolated from bats living in well-preserved environments away from
human activities [16]. However, little is known about the impact of anthropic activities on
AMR levels in bat populations [16].

The purpose of this work was to evaluate the distribution of AMR in strains of Gram-
negative and Gram-positive bacteria isolated from six Southern-Italian bat populations
living in the territory of Calabria and Sicily by mass spectrometry MALDI-TOF (matrix
assisted laser desorption/ionization—time of flight mass spectrometry). Our analysis
included a wide range of bacterial species, antibiotic molecules, and different geographic
sampling areas, as all these factors are known to influence antibiotic resistance patterns [17].

2. Materials and Methods
2.1. Strains Used

We studied 413 strains of Gram-negative bacteria (Supplementary Tables S1 and S2)
and 183 strains of Gram-positive bacteria (Supplementary Tables S3 and S4) previously
isolated from rectal (R), oral (O) and conjunctival (C) swabs of 189 bats belonging to four
insectivorous species [Miniopterus schreibersii (n. 175 Gram-negative and 95 Gram-positive),
Muyotis capaccinii (15 Gram-negative and 10 Gram-positive), Myotis myotis (112 Gram-
negative and 44 Gram-positive), and Rhinolophus hipposideros (111 Gram-negative and
34 Gram-positive)] (Table 1) [18].

Table 1. Individuals sampled.

Superfamily Family Subfamily Species n. Individuals
e . Myotis myotis 47
Vespertilionoidea Vespertilionoidae Myotinae Myotis capaccinii 8
Miniopteridae Miniopterus schreibersii 91
Rhinolophoidea Rhinolophidae Rhinolophus hipposideros 43
Total 189

The bats lived in six areas of the Calabrian and Sicilian territories (Southern Italy)
(Table 2). All the species examined are commonly found in the Mediterranean basin,
normally taking refuge in underground habitats (especially caves). They feed on insects,
particularly Trichoptera, Neuroptera, Diptera, and Lepidoptera. M. capaccinii is also known
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to feed on small fish and therefore prefers habitats with water courses in which to hunt. The
emergency points from the occupied caves are the same for different bat species; however,
once outside the cave, different species occupy different trophic niches.

Table 2. Number of sampled individuals in the six study areas by species.

Number of Sampled Individuals

Site Myotis myotis Miniopterus schreibersii Rhinolophus hipposideros Myotis capaccinii  Total

Grotta dei Pipistrelli
Pantalica (SR) 13 12 17 8 50
Grotta Palombara (SR) 5 9 14
Grotta Chiusazza (SR) 12 13 7 32

Grotta dei Pipistrelli
Cassano (CS) 16 15 31
Grotta del Burro (CT) 1 15 17 33
Grave Grubbo (KR) 27 2 29
Total 47 91 43 8 189

For comprehensive information on the bacteriological analysis and sampling sites, we
refer the reader to Foti et al., 2022 [18].

2.2. Antimicrobial Susceptibility Testing

We evaluated the antimicrobial susceptibility of all strains isolated (Supplementary
Data) by a Disk diffusion test [19], using the same protocol we employed in a previ-
ous study [20]. We evaluated the susceptibility of Gram-negative strains to 20 antibiotic
molecules belonging to 9 different classes and that of Gram-positive strains to 20 molecules
belonging to 11 classes of antibiotics. Strains exhibiting resistance to three or more antimi-
crobial families were classified as multidrug resistant (MDR) [21].

2.3. Data Analysis and Visualization

In order to evaluate whether any of the sites or bat species harboured a significantly
higher number of multidrug-resistant (MDR) strains than the others, we performed mul-
tiple pairwise comparisons using the chi-square (x?) test. For both tests, we fixed the
significance level at « = 0.05 and applied the Bonferroni correction for multiple pair-
wise comparisons [22]. This led to a significance level for each individual hypothesis of
« = 0.0033 for comparisons between sites (15 pairwise comparisons between six sites) and
« = 0.0083 for comparisons between species (6 pairwise comparisons between four species),
corresponding to critical chi-values of x0.0033 = 8.634 and X003 = 6.968, respectively.

All statistical tests have been performed using MATLAB_R2016b. Violin plots have
been produced using the open-source MATLAB function violin.m [23], choosing a kernel
bandwidth bw = 6 to perform kernel density estimation using the same function.

3. Results

The analysis of antimicrobial susceptibility revealed antimicrobial resistance for the
large majority of the tested molecules. In both Gram-negative and Gram-positive strains,
the resistance levels ranged from one to thirteen molecules (Supplementary Data).

3.1. Gram-Negative

Gram-negative strains displayed a broad and diverse pattern of resistance to almost
all molecules tested, with the exception of ciprofloxacin and enrofloxacin (Figure 1, upper
panel). Most of the Gram-negative strains exhibited resistance to colistin sulfate (81.6%),
amoxicillin (70.7%) and amoxicillin+clavulanic acid (58.1%); high values were also found
for ampicillin (42.9%), streptomycin (40.2%) and minocycline (21.1%). No resistance was
detected against fluoroquinolones.
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Figure 1. Percentage of gram-negative (upper panel) and gram-positive (lower panel) strains resistant
to specific molecules.

170 strains (41.2%) displayed multidrug resistance (Supplementary Table S7). The
most abundant MDR patterns recorded were combined resistance to aminoglycosides,
penicillins and polymyxins (50 strains) and to penicillins, tetracyclines and polymyxins
(24 strains) (Supplementary Table S7). The levels of MDR in the most frequently isolated
(n > 10 strains) gram-negative bacterial genera are shown in the left panel of Figure 2.
Strains from Pseudomonas (78.9%), Serratia (61.5%) and Providentia (60.9%) displayed the
highest levels of MDR, followed by Enterobacter (52.5%) and Morganella (33.3%).
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Figure 2. Percentage of multi-drug-resistant (MDR) strains in Gram-negative (left panel) and Gram-
positive (right panel) bacterial genera.
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3.2. Gram-Positive

The gram-positive strains isolated displayed varying levels of resistance to all molecules
tested (Figure 1, lower panel). Most of the Gram-positive strains exhibited resistance to
ceftazidime (88.3%), oxacillin (73.3%), and cefovecin (68.3%) (lower panel of Figure 1). Only
a small percentage of strains displayed resistance to ampicillin + sulbactam (1.7%) and
ticarcillin + clavulanic acid (1.1%).

The right panel of Figure 2 shows the levels of MDR found in the most frequently
isolated (n > 10 strains) gram-positive genera. Enterococcus showed the highest levels
of MDR (86.2%), followed by Staphilococcus (60.3%). The most abundant MDR patterns
observed were combined resistance to aminoglycosides, cephalosporins and penicillins;
to Aminoglycosides, cephalosporins, lincosamides and penicillins; to aminoglycosides,
cephalosporins, carbapenems, lincosamides, macrolides and penicillins (Supplementary
Table S8).

3.3. Comparisons between Sites

The pattern of resistance against individual molecules found at different sites is shown
in the left panel of Figure 3, while the right panel (Figure 1B) shows the levels of MDR. The
highest levels of MDR were found in Grotta dei Pipistrelli (Pantalica) (77.2%), more than
30% higher than those found at other sites. Pairwise comparisons between sites using the
chi-square test revealed that this difference is significant in the cases of Grotta Chiusazza
(x = 11.07, p < 0.001), Grotta dei Pipistrelli (Cassano) (x = 14.17, p < 10~%), Grotta del
Burro (x = 18.35, p < 10™*) and Greve Grubbo (x = 24.48, p < 107°), but not in the case
of Grotta Chiusazza (x = 2.40, p = 0.12).
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Figure 3. (A) Resistance levels to individual molecules and (B) percentage of multi-drug resistant
(MDR) strains at different sites. Figure legend: GdPP = Grotta dei Pipistrelli (Pantalica), GP = Grotta
Palombara, GC = Grotta Chiusazza, GAPC = Grotta dei Pipistrelli (Cassano), GdB = Grotta del Burro,
GG = Greve Grubbo.

3.4. Comparisons between Bat Species

The levels of resistance against individual molecules and the levels of MDR found
in different species are shown in the left and right panels of Figure 4, respectively. While
M. schreibersii displayed the highest levels of MDR (53.6%), no pairwise comparison be-
tween species using the chi-square test indicated any significant differences in MDR levels
(p > 0.05 for all individual comparisons).
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Figure 4. (A) Resistance levels to individual molecules and (B) percentage of multi-drug resis-
tant (MDR) strains in different bat species. Figure legend: MM = M. myotis, MC = M. capaccinii,
MS = M. schreibersii, RH = R. hipposideros.

4. Discussion

The spread of antimicrobial resistance (AMR) constitutes a major threat to both human
and animal health. Its spread can be accelerated by wild animal populations, which acquire
resistant bacteria through contact with anthropic environments [16,24,25]. The lifestyle and
feeding habits of bats make them particularly likely to acquire and spread resistant bacteria,
as indicated by the higher levels of resistant bacteria isolated in bats than in other wild
animals in the same territory [26,27]. Given their potential exposure to anthropic sources of
contamination, bats should be included among the animal species that can act as reservoirs
of antibiotic-resistant strains.

Previous studies revealed profound differences in resistance levels across different
bacterial species and geographical areas [17], suggesting that surveys evaluating the en-
vironmental impact of antibiotics should be performed on different bacterial species and
multiple sampling sites. In this study, we evaluated the occurrence of AMR in 413 Gram-
negative and 183 Gram-positive bacterial strains isolated from six bat populations in
Southern Italy. Our analysis revealed the pervasive presence of resistant bacteria at all
sampling sites (Figure 3), although the resistance levels varied depending on the molecule
tested (Figure 1). Grotta dei Pipistrelli (Pantalica) harbored the highest levels of multidrug
resistance (77.2% of isolates; Figure 3), a significantly higher proportion than that observed
at any other sites (with the exception of Grotta Palombara). On the contrary, pairwise
comparisons did not reveal any significant differences in MDR levels across bat species.

The relatively high level of MDR we have found indicates that bats can act as reservoirs
for resistant antibiotic strains (Figures 3 and 4), potentially facilitating their diffusion to
other animal and human populations. This result contrasts starkly with the low AMR levels
found in bat populations living in a South American natural reserve [16]. This difference
can be explained by the strong anthropic presence near the six sampling sites of our study,
a factor known to have a major impact on AMR levels [16,24,25].

Direct and indirect contact with humans poses a risk for the spread of AMR in and
through bats. Benavides et al. [28] found the same blaCTX-M-15 gene in E. coli ST isolated
from bats and pigs, suggesting the transmission of bacteria between bats and livestock.
Different routes of transmission can be hypothesized, for example, the ingestion by bats of
food or water contaminated by fecal material from livestock.

The bats we examined fed on insects (e.g., flies) that may come into contact with farm
animal droppings containing resistant bacteria. Given the long lifespan of these bat species
(up to 30 years), resistant strains can survive for a long time and can be easily transferred
inside the colony during periods of hibernation due to their habit of aggregating in crowded
roosts [29]. Certain geographical features might be responsible for the anthropogenic spread
of AMR. For example, several watercourses flow through Grotta dei Pipistrelli in Pantalica
(SR), into which the wastewater of different municipalities is discharged (including that of
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several hospitals). This can potentially account for the high levels of AMR found at that
site (Figure 3).

A higher level of AMR in bacteria isolated from rectal and oral swabs might provide
information about the transmission route of resistant bacteria. However, comparisons
between resistance levels at different bodily sites (rectal, oral, and conjunctival) did not
reveal any significant differences (Supplementary Data). The hypothesis that the detected
resistance is a consequence of exposure of human origin would be supported by the
resistance detection against synthetic antibiotics (trimethoprim and nalidixic acid) [17], but
it must be considered that such resistance could be non-specific because of mechanisms
related to membrane permeability [30].

Another possible transmission route is related to the employment of antibiotics in
sheep and cattle farming. It would be insightful to compare the levels of AMR in bacteria
isolated from cattle and sheep breeding in the vicinity of the sampling sites with those
reported in the present study. Similarities in AMR distribution might be indicative of the
spread of resistant bacteria from livestock treated with antibiotics to wild animal popula-
tions. Further studies are necessary to assess the impact of antibiotic use and ecological
factors, such as the exposure to natural antibiotics produced by other microorganisms [17].

Bats can spread bacteria in the environment and transmit them to humans both
directly (in situations of synantropization) and indirectly, by infecting intermediate hosts
or contaminating drinking water or raw food [31]. However, despite their potential role
in the spread of resistant strains, few studies have evaluated the occurrence of bacterial
pathogens in wild bat populations [5,6]. Investigations on the microbial flora in bats on
the European continent are even scarcer and often limited to sporadic reports of single
pathogens [32-39]. Our results provide comprehensive data on the occurrence of AMR in
Southern-Italian bats, indicating their role as environmental reservoirs of resistant strains.
Further studies are needed to enhance our understanding of transmission mechanisms
between bats, domestic animals and humans in order to develop new control protocols and
monitoring strategies.

In line with previous studies, the major antibiotic resistance recorded in Gram-negative
bacteria was against penicillins [14]. Our analysis also revealed a high resistance to strep-
tomycin, in agreement with previous results [15,26], and to colistin sulfate, which had
previously been found only at lower levels [15,31].

Some geographical features could favor the anthropic distribution of AMR in wild
populations. The Grotta dei Pipistrelli of Pantalica opens in a natural area not subject to
significant anthropic pressures (absence of crops and grazing within the Reserve). For
this reason, despite the complexity of the food web and the foraging habits of the investi-
gated species, we hypothesize that the acquisition of resistant bacteria is mediated by the
watercourses flowing within the Reserve, which could intercept discharges coming from
urban centers. Wastewater can contain complex mixtures of pharmaceuticals, detergents,
and bacteria of human and animal origin [12]. However, further studies are necessary to
evaluate whether the prevalence of resistant bacteria is a consequence of human antibiotic
use, as AMR levels can also be influenced by other ecological factors, such as exposure to
natural antibiotics produced by other microorganisms [17].

Despite the hypotheses formulated, it remains impossible to define with certainty
the source of transmission of antibiotic-resistant bacteria in wildlife. Vittecoq et al., in a
2016 review, compared the results of a number of studies on the subject, declaring that
they were unable to draw any statistically significant conclusions about the primary source
of transmission of AMR, which therefore remains undetermined [40]. Nevertheless, our
results prompt us to recommend a more prudent use of antimicrobials in humans and
animals. The finding of resistance against antibiotic molecules intended for human use only,
such as carbapenems, is worrying, as is the high resistance to colistin. Polymyxins, such
as colistin and polymyxin B, are currently used as last-resort antibiotics in the treatment
of human infections caused by multidrug-resistant Gram-negative bacteria. In view of
this and in light of the increase in bacterial resistance to this molecule, the European
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Medicines Agency (EMA) has recommended that colistin-containing medicines should
only be used as a second line treatment in animals and has decreed a gradual decrease
of its use in livestock by setting a threshold for use that should be limited to a maximum
of 5 mg/PCU (population correction unit). This limit should lead to a 65% reduction in
use at the European level. Member States were invited to tighten further by bringing the
threshold to 1 mg/PCU in a short time. In light of the results of this study, we recommend
the development of more stringent surveillance measures to restrict the excessive use of
such antibiotic molecules in farm animals and, by doing so, limit the spread of AMR to
wild animal populations.

5. Conclusions

Bats can spread bacteria in the environment and transmit them directly to humans
in situations of synanthropization and indirectly by either infecting intermediate hosts or
through contamination of drinking water or raw food [31].

Geographical location plays an important role in determining multidrug resistance
(MDR) levels in bat populations, although no significant differences were revealed across
different bat species. Anthropic contamination might have a strong impact on the spread
and rise of MDR. Further studies are needed to increase our knowledge of human-bat
interactions in order to develop more effective surveillance protocols. Surveillance should
above all be aimed at controlling bats that frequent environmental interfaces at risk of close
contact with humans where the presence of antibiotic residues or co-selecting agents, such
as heavy metals, can be hypothesized.

Finally, with a view to surveillance and containment of the antibiotic resistance phe-
nomenon, we underline again the importance of an appropriate use of antimicrobials in
relation to the purposes of the case and being bound by a responsible choice of healthcare
professionals.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/ani13060966/s1, Table S1: Gram negative strains for differ-
ent samples; Table S2: Gram negative strains for species of bat; Table S3: Gram positive strains for
different samples; Table S4: Gram positive strains for species of bat; Table S5: List of antibiotics used
in Gram negative antimicrobial susceptibility tests and relative inhibition halos diameters for resistant
(R), intermediate (I) and sensitive (S) strains; Table S6: List of antibiotics used in Gram positive
antimicrobial susceptibility tests and relative inhibition halos diameters for resistant (R), intermediate
(I) and sensitive (S) strains; Table S7: MDR pattern in Gram-negative strains; Table S8: MDR pattern
in Gram-positive strains.

Author Contributions: M.E.: Project administration; conceptualization, methodology, writing—original
draft preparation. R.G.: conceptualization; investigation (sampling); project administration. V.E.: in-
vestigation (laboratory procedures); resources. A.M.: investigation (sampling). M.C.: data curation;
formal analysis; writing—review and editing. M.G.: investigation (sampling). M.T.S.: methodology;
writing—review and editing. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The animal study protocol was approved by the Ethics
Committee of the Istituto Superiore per la Protezione e la Ricerca Ambientale (ISPRA) (Prot. N.
14589 /T-A31) for studies involving animals.

Informed Consent Statement: Not applicable (the study did not involve humans).

Data Availability Statement: The data that support this study are available in the Mendeley Data
repository at doi:10.17632/ tct4zh9fy6.1.

Acknowledgments: R.G. and M.T.S. wish to express their sincere thanks to: A.M. De Marinis
(Istruttoria), P. Genovesi (Gestione Patrimonio Faunistico Nazionale e mitigazione danni e impatti)
and E. Morroni (ISPRA) for supporting the study of Chiroptera (Prot. 14589/T-A31). R.G. and M.T.S.
would like to thank: Mario Vincenzo Benedetto, Fabio Selvaggi and Gruppo Speleo-Archeologico


https://www.mdpi.com/article/10.3390/ani13060966/s1

Animals 2023, 13, 966 90of 10

“Aquila Libera” (Cassano allo Ionio, CS); Antonio Larocca and Gruppo Speleologico “Sparviere”
(Alessandria del Carretto, CS); Francesco Ferraro and Gruppo Speleologico “Le Grave” (Verzino, KR);
Angelo Iemmolo and Speleo Club Ibleo (Ragusa, RG).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Banerjee, A.; Kulcsar, K.; Misra, V.; Frieman, M.; Mossman, K. Bats and Coronaviruses. Viruses 2019, 11, 41. [CrossRef] [PubMed]

2. Ochani, R.K; Batra, S.; Shaikh, A.; Asad, A. Nipah virus—The rising epidemic: A review. Le Infez. Med. 2019, 27, 117-127.

3.  Rupprecht, C.E,; Turmelle, A.; Kuzmin, L.V. A perspective on lyssavirus emergence and perpetuation. Curr. Opin. Virol. 2011, 1,
662-670. [CrossRef] [PubMed]

4. Zhou, P; Yang, X.L.; Wang, X.G.; Hu, B.; Zhang, L.; Zhang, W.; Si, H.R.; Zhu, Y.; Li, B.; Huang, C.L.; et al. A pneumonia outbreak
associated with a new coronavirus of probable bat origin. Nature 2020, 579, 270-273. [CrossRef] [PubMed]

5. Miihldorfer, K. Bats and Bacterial Pathogens: A Review. Zoonoses Public Health 2013, 60, 93—-103. [CrossRef]

6. Banskar, S.; Bhute, S.S.; Suryavanshi, M.V.; Punekar, S.; Shouche, Y.S. Microbiome analysis reveals the abundance of bacterial
pathogens in Rousettus leschenaultii guano. Sci. Rep. 2016, 6, 36948. [CrossRef]

7. Antimicrobial Resistance Collaborators. Global burden of bacterial antimicrobial resistance in 2019: A systematic analysis. Lancet
2022, 399, 629-655. [CrossRef]

8. Carroll, D.; Wang, J.; Fanning, S.; McMahon, B.J. Antimicrobial resistance in wildlife: Implications for public health. Zoonoses
Public Health 2015, 62, 534-542. [CrossRef]

9. Arnold, K.E.; Williams, N.J.; Bennett, M. ‘Disperse abroad in the land’: The role of wildlife in the dissemination of antimicrobial
resistance. Biol. Lett. 2016, 12, 20160137. [CrossRef]

10. Swift, BM.C.; Bennett, M.; Waller, K.; Dodd, C.; Murray, A.; Gomes, R.L.; Humphreys, B.; Hobman, ].L.; Jones, M. A.; Whitlock,
S.E.; et al. Anthropogenic environmental drivers of antimicrobial resistance in wildlife. Sci. Total Environ. 2019, 649, 12-20.
[CrossRef]

11. Martinez, J.L. Environmental pollution by antibiotics and by antibiotic resistance determinants. Environ. Pollut. 2009, 157,
2893-2902. [CrossRef]

12.  Wellington, E.M.; Boxall, A.B.; Cross, P; Feil, E.J.; Gaze, W.H.; Hawkey, PM.; Johnson-Rollings, A.S.; Jones, D.L.; Lee, N.M.; Otten,
W.; et al. The role of the natural environment in the emergence of antibiotic resistance in Gram-negative bacteria. Lancet Infect.
Dis. 2013, 13, 155-165. [CrossRef]

13. Atterby, C.; Ramey, A.M.; Hall, G.G,; Jarhult, J.; Borjesson, S.; Bonnedahl, J. Increased prevalence of antibiotic-resistant E. coli in
gulls sampled in Southcentral Alaska is associated with urban environments. Infect. Ecol. Epidemiol. 2016, 6, 32334. [CrossRef]

14. Devnath, P; Karah, N.; Graham, ].P; Rose, E.S.; Asaduzzaman, M. Evidence of Antimicrobial Resistance in Bats and Its Planetary
Health Impact for Surveillance of Zoonotic Spillover Events: A Scoping Review. Int. |. Environ. Res. Public Health 2023, 20, 243.
[CrossRef]

15. Mbehang Nguema, PP; Onanga, R.; Ndong Atome, G.R.; Obague Mbeang, J.C.; Mabika Mabika, A.; Yaro, M.; Lounnas, M.;
Dumont, Y.; Zohra, Z.F,; Godreuil, S.; et al. Characterization of ESBL-Producing Enterobacteria from Fruit Bats in an Unprotected
Area of Makokou, Gabon. Microorganisms 2020, 8, 138. [CrossRef]

16. Claudio, V.C.; Gonzalez, I.; Barbosa, G.; Rocha, V.; Moratelli, R.; Rassy, F. Bacteria richness and antibiotic-resistance in bats from a
protected area in the Atlantic Forest of Southeastern Brazil. PLoS ONE 2018, 13, e0203411. [CrossRef]

17.  Sherley, M.; Gordon, D.M.; Collignon, P.J. Variations in antibiotic resistance profile in Enterobacteriaceae isolated from wild
Australian mammals. Environ. Microbiol. 2000, 2, 620-631. [CrossRef]

18. Foti, M.; Spena, M.T,; Fisichella, V.; Mascetti, A.; Colnaghi, M.; Grasso, M.; Piraino, C.; Sciurba, F.; Grasso, R. Physiological and
potentially pathogenic microbial flora in troglophile bats. Animals 2022, 12, 2684. [CrossRef]

19. Bauer, AW,; Kirby, WM.M.M,; Sherris, J.C.; Turck, M.A. Antibiotic susceptibility testing by a standardised single disc method.
Am. |. Clin. Pathol. 1966, 45, 493-496. [CrossRef]

20. Foti, M.; Grasso, R.; Fisichella, V.; Mascetti, A.; Zafarana, M.A.; Colnaghi, M.; Grasso, M.; Spena, M.T. Analysis of Eurasian Stone
curlew (Burhinus oedicnemus) microbial flora reveals the presence of multi-drug resistant pathogens in agro-pastoral areas of Sicily
(Italy). Heliyon 2020, 6, e05401. [CrossRef]

21. Magiorakos, A.P; Srinivasan, A.; Carey, R.B.; Carmeli, Y.; Falagas, M.E.; Giske, C.G.; Harbarth, S.; Hindler, J.F.; Kahlmeter, G.;
Olsson-Liljequist, B.; et al. Multidrug-resistant, extensively drug-resistant and pandrug-resistant bacteria: An international expert
proposal for interim standard definitions for acquired resistance. Clin. Microbiol. Infect. 2012, 18, 268-281. [CrossRef] [PubMed]

22.  Miller, R.G. Simultaneous Statistical Inference; Springer: New York, NY, USA, 1966.

23.  Hoffmann, H. Violin.m—Simple Violin Plot Using Matlab Default Kernel Density Estimation; INRES (University of Bonn): Bonn,
Germany, 2015.

24. Thaller, M.C.; Migliore, L.; Marquez, C.; Tapia, W.; Cedeno, V.; Rossolini, G.M.; Gentile, G. Tracking acquired antibiotic resistance
in commensal bacteria of Galapagos land iguanas: No man, no resistance. PLoS ONE 2010, 5, e8989. [CrossRef] [PubMed]

25. Radhouani, H.; Silva, N.; Poeta, P.; Torres, C.; Correia, S.; Igrejas, G. Potential impact of antimicrobial resistance in wildlife,

environment and human health. Front. Microbiol. 2014, 5, 23. [CrossRef] [PubMed]


http://doi.org/10.3390/v11010041
http://www.ncbi.nlm.nih.gov/pubmed/30634396
http://doi.org/10.1016/j.coviro.2011.10.014
http://www.ncbi.nlm.nih.gov/pubmed/22440925
http://doi.org/10.1038/s41586-020-2012-7
http://www.ncbi.nlm.nih.gov/pubmed/32015507
http://doi.org/10.1111/j.1863-2378.2012.01536.x
http://doi.org/10.1038/srep36948
http://doi.org/10.1016/S0140-6736(21)02724-0
http://doi.org/10.1111/zph.12182
http://doi.org/10.1098/rsbl.2016.0137
http://doi.org/10.1016/j.scitotenv.2018.08.180
http://doi.org/10.1016/j.envpol.2009.05.051
http://doi.org/10.1016/S1473-3099(12)70317-1
http://doi.org/10.3402/iee.v6.32334
http://doi.org/10.3390/ijerph20010243
http://doi.org/10.3390/microorganisms8010138
http://doi.org/10.1371/journal.pone.0203411
http://doi.org/10.1046/j.1462-2920.2000.00145.x
http://doi.org/10.3390/ani12192684
http://doi.org/10.1093/ajcp/45.4_ts.493
http://doi.org/10.1016/j.heliyon.2020.e05401
http://doi.org/10.1111/j.1469-0691.2011.03570.x
http://www.ncbi.nlm.nih.gov/pubmed/21793988
http://doi.org/10.1371/journal.pone.0008989
http://www.ncbi.nlm.nih.gov/pubmed/20126545
http://doi.org/10.3389/fmicb.2014.00023
http://www.ncbi.nlm.nih.gov/pubmed/24550896

Animals 2023, 13, 966 10 of 10

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Souza, V.; Rocha, M.; Valera, A.; Eguiarte, L.E. Genetic structure of natural populations of Escherichia coli in wild hosts on
different continents. Appl. Environ. Microbiol. 1999, 65, 3373-3385. [CrossRef] [PubMed]

Hassell, ].M.; Ward, M.].; Muloi, D.; Bettridge, ].M.; Robinson, T.P; Kariuki, S.; Ogendo, A.; Kiiru, J.; Imboma, T.; Kang'ethe,
E.K. Clinically relevant antimicrobial resistance at the wildlife-livestock—-human interface in Nairobi: An epidemiological study.
Lancet Planet. Health 2019, 3, €259-€269. [CrossRef]

Benavides, J.A.; Shiva, C.; Vithuez, M.; Tello, C.; Appelgren, A.; Vendrell, J.; Solassol, J.; Godreuil, S.; Streicker, D.G. Extended-
spectrum beta-lactamase-producing Escherichia coli in common vampire bats Desmodus rotundus and livestock in Peru. Zoonoses
Public Health 2018, 65, 454-458. [CrossRef]

Allocati, N.; Petrucci, A.G.; Di Giovanni, P.; Masulli, M.; Di Ilio, C.; De Laurenzi, V. Bat-man disease transmission: Zoonotic
pathogens from wildlife reservoirs to human populations. Cell Death Discov. 2016, 2, 16048. [CrossRef]

George, A.M.; Hall, RM.; Stokes, H.W. Multidrug resistance in Klebsiella pneumoniae: A novel gene, ramA, confers a multidrug
resistance phenotype in Escherichia coli. Microbiology 1995, 141, 1909-1920. [CrossRef]

Nowakiewicz, A.; Ziebab, P.; Gnata, S.; Tro$ciariczyka, A.; Osifiskaa, M.; Lagowskia, D.; Kosior-Korzeckac, U.; Puziod, I. Bats
as a reservoir of resistant Escherichia coli: A methodical view. Can we fully estimate the scale of resistance in the reservoirs of
free-living animals? Res. Vet. Sci. 2020, 128, 49-58. [CrossRef]

Concannon, R.; Wynn-Owen, K.; Simpson, V.R.; Birtles, R.J. Molecular characterization of haemoparasites infecting bats
(Microchiroptera) in Cornwall, UK. Parasitology 2005, 131, 489-496. [CrossRef]

Evans, N.J.; Bown, K,; Timofte, D.; Simpson, V.R.; Birtles, R.J. Fatal borreliosis in bat caused by relapsing fever spirochete, United
Kingdom. Emerg. Infect. Dis. 2009, 15, 1331-1333. [CrossRef]

Veikkolainen, V.; Vesterinen, E.J.; Lilley, T.M.; Pulliainen, A.T. Bats as reservoir hosts of human bacterial pathogen, Bartonella
mayotimonensis. Emerg. Infect. Dis. 2014, 20, 960-967. [CrossRef]

Millan, J.; Lépez-Roig, M.; Delicado, V.; Serra-Cobo, J.; Esperén, F. Widespread infection with hemotropic mycoplasmas in bats in
Spain, including a hemoplasma closely related to “Candidatus Mycoplasma hemohominis”. Comp. Immunol. Microbiol. Infect. Dis.
2015, 39, 9-12. [CrossRef]

Bai, Y.; Urushadze, L.; Osikowicz, L.; McKee, C.; Kuzmin, I.; Kandaurov, A.; Babuadze, G.; Natradze, I.; Imnadze, P.; Kosoy, M.
Molecular Survey of Bacterial Zoonotic Agents in Bats from the Country of Georgia, Caucasus. PLoS ONE 2017, 12, e0171175.
[CrossRef]

Stuckey, M.].; Boulouis, H.J.; Cliquet, F; Picard-Meyer, E.; Servat, A.; Aréchiga-Ceballos, N.; Echevarria, J.E.; Chomel, B.B.
Potentially Zoonotic Bartonella in Bats from France and Spain. Emerg. Infect. Dis. 2017, 23, 539-541. [CrossRef]

Corduneanu, A.; Sandor, A.D.; Ionica, A.M.; Hornok, S.; Leitner, N.; Bago, Z.; Stefke, K.; Fuehrer, H.P.; Mihalca, A.D. Bartonella
DNA in heart tissues of bats in central and eastern Europe and a review of phylogenetic relations of bat-associated bartonellae.
Parasites Vectors 2018, 11, 489. [CrossRef]

Hornok, S.; Széke, K.; Estok, P.; Krawczyk, A.; Haarsma, A.J.; Kovats, D.; Boldogh, S.A.; Morandini, P.; Szekeres, S.; Takacs,
N.; et al. Assessing bat droppings and predatory bird pellets for vector-borne bacteria: Molecular evidence of bat-associated
Neorickettsia sp. in Europe. Antonie Van Leeuwenhoek 2018, 111, 1707-1717. [CrossRef]

Vittecoq, M.; Godreuil, S.; Prugnolle, F.; Durand, P; Brazier, L.; Renaud, N.; Arnal, A.; Aberkane, S.; Jean-Pierre, H.; Gauthie-Clerc,
M.; et al. Antimicrobial resistance in wildlife. . Appl. Ecol. 2016, 53, 519-529. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1128/AEM.65.8.3373-3385.1999
http://www.ncbi.nlm.nih.gov/pubmed/10427022
http://doi.org/10.1016/S2542-5196(19)30083-X
http://doi.org/10.1111/zph.12456
http://doi.org/10.1038/cddiscovery.2016.48
http://doi.org/10.1099/13500872-141-8-1909
http://doi.org/10.1016/j.rvsc.2019.10.017
http://doi.org/10.1017/S0031182005008097
http://doi.org/10.3201/eid1508.090475
http://doi.org/10.3201/eid2006.130956
http://doi.org/10.1016/j.cimid.2015.01.002
http://doi.org/10.1371/journal.pone.0171175
http://doi.org/10.3201/eid2303.160934
http://doi.org/10.1186/s13071-018-3070-7
http://doi.org/10.1007/s10482-018-1043-7
http://doi.org/10.1111/1365-2664.12596

	Introduction 
	Materials and Methods 
	Strains Used 
	Antimicrobial Susceptibility Testing 
	Data Analysis and Visualization 

	Results 
	Gram-Negative 
	Gram-Positive 
	Comparisons between Sites 
	Comparisons between Bat Species 

	Discussion 
	Conclusions 
	References

