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Abstract

:

Simple Summary


Gram negative organisms are frequently isolated from Caretta caretta and may contribute to the dissemination of antimicrobial resistance. In this study, commensal bacteria isolated from oral and cloacal samples of 98 healthy C. caretta were compared to clinical isolates isolated from the wounds of 102 injured animals, in order to investigate the presence of antimicrobial resistance bacteria in free-living loggerheads from the Adriatic Sea. A total of 410 bacteria were cultured and differences were noted in the isolated genera, as some of them were isolated only in healthy animals, while others were isolated only from injured animals. When tested for susceptibility to antimicrobials, clinical isolates showed highly significant differences in the antimicrobial resistance rates vs. commensal isolates for all the drugs tested, except for doxycycline. The detection of high antimicrobial resistance rates in loggerhead sea turtles is of clinical and microbiological significance since it impacts both the choice of a proper antibiotic therapy and the implementation of conservation programs.




Abstract


Gram negative organisms are frequently isolated from Caretta caretta turtles, which can act as reservoir species for resistant microorganisms in the aquatic environment. C. caretta, which have no history of treatment with antimicrobials, are useful sentinel species for resistant microbes. In this culture-based study, commensal bacteria isolated from oral and cloacal samples of 98 healthy C. caretta were compared to clinical isolates from the wounds of 102 injured animals, in order to investigate the presence of AMR bacteria in free-living loggerheads from the Adriatic Sea. A total of 410 isolates were cultured. Escherichia coli and genera such as Serratia, Moraxella, Kluyvera, Salmonella were isolated only in healthy animals, while Acinetobacter, Enterobacter, Klebsiella and Morganella were isolated only from the wounds of the injured animals. When tested for susceptibility to ampicillin, amoxicillin + clavulanic acid, ceftazidime, cefuroxime, gentamicin, doxycycline, ciprofloxacin and enrofloxacin, the clinical isolates showed highly significant differences in AMR rates vs. commensal isolates for all the drugs tested, except for doxycycline. The detection of high AMR rates in loggerheads is of clinical and microbiological significance since it impacts both the choice of a proper antibiotic therapy and the implementation of conservation programs.
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1. Introduction


The overuse and misuse of antibiotics in human and veterinary medicine, as well as in agriculture and aquaculture, has contributed to increasing the selective pressure on bacteria, with the consequent appearance of new resistant strains and the dissemination of antimicrobial resistance (AMR) in various environments [1,2].



The extensive use of antimicrobials has also caused their dispersal to sanitary sewers, landfills and near the coast [1]. It is estimated that up to 90% of all wastewater is discharged, untreated, directly into rivers, lakes or oceans [3] and, for this reason, AMR determinants could be used as indicators of pollution in marine ecosystems [4]. In addition, resistant microorganisms can persist in the aquatic environment in reservoir species [4,5,6] and some wild marine species, with no history of treatment with antimicrobials, can harbour resistant microbial species responsible for AMR genes recombination [4,7,8,9,10]. According to a recent 20-year study conducted by the French Research Institute for Exploitation of the Sea (Ifremer), the Mediterranean marine water is the most waste-polluted in Europe [11]. In particular, the accumulation of AMR organisms in marine sediments and animals involves the coastal seawater with shallow bottoms, such as the Adriatic coast [11,12]. Moreover, the pollution of the Adriatic Sea has been also indirectly investigated by using wild “sentinel species” such as fish and mussels [7,13] and by studying fish from aquaculture [5,14,15].



The European Union (EU) Marine Strategy Framework Directive (Commission’s Decision 2010/447/EU) supports research on loggerhead sea turtles (Caretta caretta) microbiota in order to study the impact of marine litter [15]. Loggerhead sea turtles have no history of antibiotic therapy and, for their ecological and physiological characteristics, tend to bioaccumulate contaminants such as toxins, pathogens and heavy metals [16,17,18]. In addition, high site fidelity in the adult and juvenile life stages makes this species a perfect candidate for sentinel programs in the Adriatic Sea [19]. Sea turtles are highly impacted by human activities in marine environments; in fact, both direct (trawling and nests destruction) [10,18,20,21] and indirect (macroplastic waste and the dispersion of pesticides/heavy metals) [17,22] activities have resulted in the inclusion of this species in the IUCN Red List (http://www.iucnredlist.org/details/3897/0, accessed on 23 April 2020).



Bacterial infections caused by Gram negative opportunistic pathogens are commonly reported in free-ranging and captive sea turtles [23,24,25,26,27]. Many of these microorganisms are part of the sea turtle microbiota but can be dangerous, not only due to their opportunistic behaviour but also as a result of the possible dissemination of resistance genes, such as those conferring resistance to β-lactams, to other marine bacteria [26,28,29,30]. Indeed, culture-based studies on the antimicrobial susceptibility of microbial communities isolated from marine turtles [26,31,32,33] have suggested that Gram negative isolates are often inherently resistant to several drugs, but are susceptible to last generation penicillin and cephalosporins, aminoglycosides and fluoroquinolones [27,33].



A few studies have compared the bacteria sampled from free-living and hospitalized loggerheads or have documented the presence of AMR isolates from cloacal and oral swabs of free-living turtles [27,31,33]. Additionally, in the Mediterranean area, most of the studies have focused on AMR bacteria in loggerheads living in the western side of the Mediterranean Sea [4,26,34] creating a gap in the surveillance of loggerheads living in the Adriatic Sea.



To fill this gap, the current study was designed to identify and compare the microbial communities isolated from oral and cloacal (O/C) samples of healthy C. caretta with those obtained from the wounds of injured animals. In particular, a large number of bacteria isolated from C. caretta, living only in the Adriatic Sea, was collected, identified and compared over a period of 4 years.




2. Materials and Methods


2.1. Turtles and Specimen Collection


The animals included in the report were all housed in the “Sea Turtle Clinic” (STC) of the DVM University of Bari (Italy) and the entire study lasted 4 years (2018–2021). All the turtles were found stranded on the beach or they were accidentally captured by local fishermen, therefore, they were brought to the STC by the volunteers of the “Centro Recupero tartarughe marine WWF Molfetta” for routine checks. In order to assess the health status of the subjects (healthy subject/subject with wounds) each animal was routinely examined by veterinary personnel, upon their arrival at the STC. In addition, a radiographical investigation was performed to check the pulmonary status. All the animals were hospitalized in the STC for a variable period of time (from 24 h for healthy subjects or until complete recovery for unhealthy subjects, which required weeks to months) and then released into the sea. For the study, all turtles were sampled as soon as possible. During the survey, only untagged turtles were sampled, as presumptively none of them had previously received antibiotics.



For the age classification, curved carapace length (CCL) and weight data were collected from each animal. In particular, subjects with less than 60 cm CCL and less than 25 kg weight were classified as juvenile, subjects with more than 60 cm CCL and more than 25/30 kg weight but showing no sexual dimorphisms were classified as subadult, while subjects ready for reproduction and showing sexual characters were classified as adult [35,36].



A total of 200 juvenile, subadult and adult loggerhead sea turtles (C. caretta) found stranded or captured by local fishermen, from the western Adriatic Sea of Apulia, Italy (Figure 1), were included in the study.



Signalling data of turtles are reported in Table 1 and, due to the large number of subjects, they were divided into 3 subgroups based on their life stage (i.e., juvenile, subadult and adult).



Animals were restrained by hand during collection of specimens and no anaesthesia was used. Sterile swabs immersed in transport media (Nuova APTACA, Brescia, Italy) were used for the bacteriological analyses.



From each of the 98 healthy turtles, 1 oral and 1 cloacal swab (O/C) were collected in order to culture the commensal microorganisms. For oral samples, the turtle beak and mouth were opened by hand without the use of additional tools and swab was gently rotated on tongue and palate mucosa. For cloacal samples, swab was gently inserted and rolled inside the cloaca (10 cm internal depth).



From the 102 injured turtles, swabs were collected from external or internal wounds, in order to investigate the associated microorganisms and to select the proper antibiotic therapy. External samples, such as those from skin carapace or plastron wounds, were collected during clinical examination, after superficial curettage; while internal samples, i.e., those from organ injuries, such as internal biopsies or bronchioalveolar lavage (BAL) (20 mL), were collected during surgery. In particular, extensive, deep and acute lesions from external tissues were sampled, while chronic and/or partially healed wounds were not sampled. Internal biopsies were selected for bacteriological investigation only when clinicians suspected a bacterial infection. BAL was collected from turtles with suspected or diagnosed (by radiographical exams) pulmonary diseases. Details of the type of injury in turtles are reported in Table S1 of Supplementary Materials.



After collection, samples were immediately transported to the bacteriology laboratory of the DVM.




2.2. Microbiological Analysis


Swabs were cultured on 3 different agar media and 1 broth: 5% Columbia blood agar (CBA), McConkey agar (MCK), Mannitol salt agar (MSA), and Tryptic Soy broth (TSB), (Liofilchem, Teramo, Italy). The media were incubated in aerobic condition at 35 °C for 24–48 h. Initial presumptive bacterial species identification was performed by Gram staining technique. Bacteria grown only on CBA were subjected to Gram staining identification. Bacteria grown on MCK, i.e., lactose positive or lactose negative on MCK, were tested with the oxidase test (Liofilchem, Teramo, Italy) and subjected to biochemical identification using micro-method tests API 20E and API 20NE (Biomérieux, France).



For the isolation of Salmonellae from oral and cloacal samples, a three-step procedure was used [37]. Briefly, each sample was inoculated into Buffered Peptone Water (BPW, Oxoid, Italy) and incubated at 37 °C, 1 mL of BPW was transferred after 48 h of incubation into 9 mL of Rappaport Vassiliadis broth (RVB, Liofilchem, Italy) and incubated at 42 °C. After 24 h of incubation of RVB the samples were cultured on Xylose Lysine Desoxycholate Agar (XLD, Liofilchem, Italy). All the plates were incubated at 37 °C for 24 h.



Identification of the colonies grown on XLD agar with properties typical of Salmonella spp., as indicated by the supplier’s instructions, were selected from each plate and tested using a genus-specific PCR targeting the invA gene [38].



The 16S rRNA gene amplification and sequencing were used for the isolates not successfully identified with biochemical tests. Details of the PCR are described in Table S2 of Supplementary Materials [39]. PCR amplified products (~300 bp) were purified by using enzymes QIA-quick PCR Purification Kit (Qiagen, Germantown, MD, USA), and NGS amplicon sequencing was performed using the MiSeq NGS (Illumina, San Diego, CA, USA) technology. Sequences were analysed using the AV6 primer and compared to those available in the GenBank database (http://www.ncbi.nlm.nih.gov/, accessed on 27 July 2020).




2.3. Antimicrobial Susceptibility Test


The isolates were tested for susceptibility to 8 antibiotics using the Kirby–Bauer method on Mueller–Hinton Agar (MH, Liofilchem, Teramo, Italy), and the clinical breakpoints were determined as recommended by the Clinical Laboratory Standards Institute (CLSI) [40]. The following antimicrobial disks were tested (Liofilchem, Teramo, Italy), (class, disk abbreviation code and concentration in brackets) for all the isolates: Ampicillin (AMP; 10 μg), Amoxicillin + clavulanic acid (AMC; 30 μg), Ceftazidime (CTZ; 30 μg), Cefuroxime (CXM, 30 μg), Gentamicin (GN; 30 μg), Doxycycline (DX; 30 μg), Ciprofloxacin (CIP; 5 μg), Enrofloxacin (ENR; 15 μg). The antibiotics were selected on the basis of standardized therapeutic protocols available for turtles.



After disks application, plates were incubated at 37 °C for 24 h. The zone diameters were measured and strains were classified as susceptible (S), or resistant (R). Escherichia coli strain ATCC 25,922 was used as a quality control.




2.4. Statistical Analysis


The data were analysed with Excel 2010. Clinical isolates were compared to healthy isolates from O/C samples for: (i) proportion of isolates identified at genus level; (ii) proportion of resistance against antibiotics. Statistical analyses were performed with the Chi-square test or Fisher test with a significance level p < 0.05, and by using SAS software version 8.2.





3. Results


A total of 410 isolates were cultured from the 200 turtles; about 98.5% of the isolates (n = 404) were Gram negative, while 1.5% of the isolates (n = 6) were Gram positive. All the Gram negative isolates grew on CBA and MCK media after 24 h of incubation. Gram positive isolates grew on CBA and/or MSA. Three hundred and ninety-five bacteria obtained in purity on plates were bio-enzymatically tested and identified with identity scores higher than 98%. Fifteen isolates were identified by means of 16S rRNA PCR amplification and sequencing.



3.1. Subsections


3.1.1. Identification of Bacterial Isolates from Oral and Cloacal Samples


From the 98 healthy turtles subjected to O/C sampling, 280 Gram negative isolates were cultured and were found to belong to 11 different genera: 65/280 Aeromonas (23%), 42/280 Pseudomonas (15%), Vibrio (15%), 42/280 Serratia (15%), 23/280 Proteus (8%), 11/280 Alcaligenes (4%), 11/280 Moraxella (4%), 11/280 Citrobacter (4%), 11/280 Kluyvera (4%), 11/280 E. coli (4%) and 11/280 Salmonella (4%). Figure 2 depicts the genera identified in O/C samples.




3.1.2. Identification of Bacterial Isolates from Wound Samples


From the injured turtles, a total of 102 samples were collected from: skin wounds (42/102), BAL (35/102), internal biopsies (11/102), carapace wounds (13/102) and plastron wound (1/102). A total of 130 clinical bacterial isolates were cultured and 124 of them were Gram negative while 6 were Gram positive.



Isolates not successfully identified by biochemical tests and subjected to 16SrRNA sequencing were: 8 Pseudomonas (4 P. putida and 4 P. putrefaciens), 4 Vibrio (2 V. fluvialis, 1 V. metschnikovii and 1 V. vulnificus), 2 Citrobacter freundii and 1 Klebsiella oxythoca.



As shown in Figure 3, which describes the genera identified in clinical samples, isolates were found to belong to 12 different genera: 29/130 Aeromonas (22.3%), 24/130 Pseudomonas (18.5%), 22/130 Citrobacter (17%), 20/130 Vibrio (15.3%), 9/130 Acinetobacter (6.9%), 6/130 Enterobacter (4.6%) 4/130 Proteus (3.1%), 4/130 Klebsiella (3.1%), 4/130 Bacillus (3.1%), 4/130 Morganella (3.1%), 2/130 Alcaligenes (1.5%) and 2/130 Staphylococcus (1.5%).



When comparing the prevalence of genera of both groups, significant differences were found only for Citrobacter spp., which were more prevalent in clinical samples (p < 0.001).



Several genera, such as Serratia, Moraxella, Kluyvera, Salmonella, or species, such as E. coli, were isolated only in healthy animals, while Acinetobacter spp., Enterobacter spp., Klebsiella spp., Bacillus spp., Staphylococcus spp. and Morganella spp., were isolated from the wounds of injured animals.




3.1.3. Summary of AMR Patterns


As shown in Table 2, resistance to at least one antibiotic class was found in all the isolates collected (n = 410).



Of note, 233 out of 410 isolates (56.8%) were found to be resistant to Ampicillin, 242 out of 410 (59%) resistant to Amoxicillin + clavulanic acid, 300 out of 410 (73.1%) resistant to Ceftazidime, 223 out of 410 (54.3%) resistant to Cefuroxime, 53 out of 410 (12.9%) resistant to Ciprofloxacin, 59 out of 410 (14.3%) resistant to Enrofloxacin, 72 out of 410 (17.5%) resistant to Gentamicin, 161 out of 410 (39.2%) resistant to Doxycycline.



In particular, 280 isolates collected from O/C samples were found to be resistant to: Ampicillin (126/280; 45%), Amoxicillin + clavulanic acid (146/280; 52%), Ceftazidime (22/280; 7.8%), Cefuroxime (140/280; 50%), Doxycycline (108/280; 38.5%), Gentamicin (22/280; 7.8%) Enrofloxacin (11/280; 3.9%), Ciprofloxacin (0/280; 0%), while the remaining 130 clinical isolates were found to be resistant to: Ampicillin (107/130; 82.3%), Amoxicillin + clavulanic acid (96/130; 73.8%), Ceftazidime (96/130; 73.8%), Cefuroxime (83/130; 63.8%), Doxycycline (53/130; 40.7%), Gentamicin (50/130; 38.4%), Enrofloxacin (48/130; 36.9%), Ciprofloxacin (53/130; 40.7%). Figure 4 shows the percentages of resistance of O/C vs. clinical isolates. In total, 50 out of 410 isolates displayed a Multidrug Resistant (MDR) phenotype, i.e., they were resistant to at least three different classes of antibiotics [41].



Twenty isolates from O/C and 30 isolates from clinical samples were MDR. They were: 15 Pseudomonas spp., 11 Citrobacter spp., 2 Bacillus spp. and 2 Enterobacter spp. in clinical samples and 12 Pseudomonas spp., 4 Proteus spp., 2 Vibrio spp. and 2 Citrobacter spp. in O/C samples.



Highly significant differences in antibiotic resistance were found between clinical vs. O/C isolates; in particular for AMP (p value 2.75 × 10−12), AMC (p value 5.11 × 10−5), CTZ (p value 3.20 × 10−42), CXM (p value 0.011), ENR (p value 2.68 × 10−18), GN (p value 1.01 × 10−13) (Chi square test p < 0.001). The levels of resistance against CIP were analysed by Fisher test and clinical isolates resulted more resistant than isolates from O/C samples (p < 0.001). The rates of resistance against DXT were not significantly different between the two groups of isolates (p > 0.05).






4. Discussion


Several studies based on traditional culture methods have assessed the composition of microbiota and the antimicrobial susceptibility of bacterial isolates from healthy [27,31,32,33] and injured loggerhead sea turtles [30]. Two common features that emerged from the above studies were: (i) Gram negatives represent the predominant bacteria in different samples (i.e., cloacal, eggs, faeces, etc); (ii) these isolates usually display high percentages of resistance against antibiotics [26,30,42]. The present report confirmed the isolation of several Gram negative genera in both healthy and injured loggerhead sea turtles, with the majority of isolates belonging to Enterobacteriaceae or to fermentative Gram negative organisms such as Aeromonas spp., Pseudomonas spp., Acinetobacter spp. and Vibrio spp., [24,43,44,45,46]. Many of these genera, including Salmonella spp., have been isolated from water samples collected from sea turtles’ environments [46].



No significant differences were found when the percentages of bacterial genera were compared in healthy vs. injured turtles, except for the genus Citrobacter, which was more prevalent in clinical samples.



It is interesting to note that in this study Gram positive bacteria were only found in samples collected from wounds, while they were previously reported also in healthy animals [31,44,46,47,48,49].



Bacterial infections seem to be one of the major causes of infectious diseases in sea turtles with high rates of morbidity and mortality [50,51,52] and with Gram negative aerobic bacteria being responsible for the majority of infections [24]. Vibrio algynolyticus, Aeromonas hydrophila, Flavobacterium spp., Pseudomonas spp. and Acinetobacter spp. are the most common microorganisms isolated from the lesions of sea turtles [24], with serious health consequences including pneumonia, stomatitis, rhinitis, tracheitis, osteomyelitis [53], ulcerative dermatitis, renal diseases, systemic diseases [54] and sepsis [24,55]. In our study, the same genera were isolated from healthy and injured animals, confirming that those organisms may act as opportunistic pathogens, depending on concurrent factors such as parasitic, infectious [24] or traumatic injuries [21,56]. Most of the turtles recruited in the study were caught by local fisherman and therefore they were exposed to trawling risks [18] such as pulmonary problems (i.e., gas embolism) [57]. In fact, 35 out of 102 injured turtles were found with compromised pulmonary status, and this frequency was consistent with previous data which reported that one third of the turtles accidentally caught by trawling nets had pulmonary lesions [57]. We also found 56 out of 102 injured turtles with external wounds, which were probably traumatic since it is known that trawling frequently causes traumatic wounds [58].



More microbial species were found in the O/C swabs than in swabs collected from lesions (in which one or two microbial species were usually isolated per each turtle). Indeed, it has been reported that the environmental factors, the determinants of virulence, and the antimicrobial pressure can modify the prevalence of bacterial composition of injured tissues [59].



The antimicrobial resistance of bacteria from wild animals that have never been subjected to antibiotic therapy represents another interesting finding. All the turtles were sampled soon after their arrival at the STC and, at least to our knowledge, none of them had been previously housed in other rehabilitation centres, as sea turtles are generally marked with a tag attached to the rear fin before being released into the sea [60].



In the present study, all the isolates collected from both groups of turtles were found to be resistant to at least one antimicrobial category, with very high resistance percentages, in particular against β-lactams antibiotics such as Ampicillin, Amoxicillin + clavulanic acid and Ceftazidime. Furthermore, despite having tested only four antibiotic categories, MDR strains were still found and they were more frequent in clinical samples.



Other authors have reported that bacteria isolated from free-ranging healthy sea turtles usually show antimicrobial susceptibility [4,24], particularly against β-lactams, nevertheless, as for other bacterial populations, the AMR phenomenon is constantly evolving and needs to be monitored. Therefore, the role of sea turtles as a reservoir of AMR strains should be investigated deeply and particular attention should be given to subpopulations of sea turtles [4,26,30,61].



The Mediterranean subpopulation of sea turtles is poorly connected with the Atlantic one and, for their site fidelity, juvenile and adult subjects of C. caretta are considered to be optimal ecological indicators of this zone. Therefore, studying both juvenile and adult subjects, as in the present report, may be considered a mirror of a specific marine ecological environment [18,26,30].



The constant monitoring of a subpopulation can intercept rapidly an increase in AMR, and could help to investigate better the anthropogenic antimicrobial resistance acquired by free-ranging sea turtles [30,31,46].



Although Gram negative bacteria may exhibit a natural resistance mechanism against β-lactams, when subjected to antibiotic pressure β-Lactamases and Extended-spectrum β-lactamases (ESBLs) tend to evolve to protect these bacteria from β-lactams molecules [62]. These enzymes are some of the most problematic hurdles from a therapeutic point of view. They are widely distributed among livestock and domestic animals as well as humans [62], and drastically reduce the range of therapeutic options. Moreover, these determinants are often located on plasmids carrying resistance genes to other non-β-lactam-antibiotics [62]. ESBLs are widely distributed in farm animals while there are several reports about their presence in several wild species such as wild birds, wild rodents, red foxes (Vulpus vulpus), lynx (Lynx paradinus), and wild boar (Sus scrofa) [63]. High resistance rates against β-lactams antibiotics have also been reported in marine species such as in sea lions (Zolaphus californianus), harbour seals (Phoca vitulina), elephant seals (Mirounga augustirostris) [8]. Focusing on the Mediterranean zone, several reports have described high resistance rates against β-lactams antibiotics, associated with ESBLs-producing bacteria in urban rivers [63], marine waste water [12] and injured loggerhead sea turtles [30]. A recent paper reported that the ESBLs genes identified in wild animals (i.e., loggerhead sea turtles), may be the same as those described in human isolates [30], therefore calling the attention on interspecies transmission mediated by successful ESBLs-producing clones and plasmids among humans, domestic and wildlife species [62,63,64]. The natural resistance mechanisms and the remarkable ability to acquire resistance genes from the environment exhibited from Gram negatives could explain the higher number of MDR strains isolated from Pseudomonas spp., Citrobacter spp. and Proteus spp. Indeed, Enterobacteriaceae are considered responsible for the spreading of resistant genes across environmental, animal and human microorganisms [26].



The differences in resistance rates were also very important for the class of fluroquinolones. We tested two fluoroquinolones such as Ciprofloxacin (for human use only) and Enrofloxacin (for veterinarian exclusive use). We tested two molecules of this class because it is well documented that the resistance against fluoroquinolones is closely related with the specific classes of molecules and the single molecule cannot mirror the entire category. Moreover, fluoroquinolones are one of the few therapeutic options for sea turtles [65,66,67,68].



We recorded about 40% of resistance in clinical isolates against Ciprofloxacin and Enrofloxacin, in contrast to the very low percentage found in the O/C isolates. Enrofloxacin is recommended for use in C. caretta for various infections such as conjunctivitis and lower respiratory diseases due to its long half-life and high bioavailability with low side effects [65]. Our study suggests that treatment with fluoroquinolones in loggerheads needs prior in vitro susceptibility testing, due to the increasing percentage of resistance found in clinical isolates of this species.



Regarding the aminoglycosides, the high percentage of resistance in clinical isolates is in line with a recent study by Chuen-Im and coauthors [68], but is in contrast with other findings [4,26]. Currently, aminoglycosides are used to treat Gram negative infections (such as Acinetobacter baumannii, Enterobacteriaceae, Escherichia coli, Klebsiella pneumoniae, and Pseudomonas aeruginosa) in human medicine or as a second choice of treatment for MDR bacteria. The use of these antimicrobials in sea turtles is not frequent and only preliminary information is available [24]; thus, further investigation is needed in order to tailor a targeted therapy in wild marine species.



Sea turtles are often considered to be an extremely resilient species, capable of contrasting a plethora of physical, chemical and biological insults [17]. The level of AMR rates reported from different studies on sea turtle populations is extremely variable among countries [68,69]. Therefore, antimicrobial susceptibility testing is recommended to guide the treatment of any bacterial infections [24]. Several studies have demonstrated the direct transmission of resistance determinants between humans and animals; therefore, the role of human activities in spreading AMR determinants to sea turtles deserves further investigation. Systematic surveillance on this sentinel species should be implemented as well.




5. Conclusions


In conclusion, a large number of free-living Caretta caretta from the Adriatic Sea were screened for AMR over a long period of time and their potential role in spreading antibiotic resistance determinants in the marine ecosystem was hypothesized. The results from this study may help clinicians (either working in rehabilitation centres or in clinics) to set proper antibiotic therapies. They should also be aware that sea turtles can act as carriers of AMR bacterial strains [47]. The presence of high AMR rates in zoonotic bacteria should encourage further research on the impact of anthropogenic pressures (i.e., climate change, pollutants), on sea turtles living in the Adriatic Sea. In fact, only an integrated One Health approach would allow us to design future studies on the link between sea turtle and human health within their shared environment.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/ani11082435/s1, Table S1: Details of type of wounds in 102 injured turtles, Table S2: Details of 16S rRNA gene PCR.





Author Contributions


Conceptualization, A.T., M.C. and M.M.; methodology, A.T., A.S., M.G., S.C. and S.P.; software, A.S. and M.G.; validation, M.C., M.M. and A.T.; formal analysis, A.T., A.S. and M.G.; investigation, S.C. and S.P.; resources, M.C.; data curation, A.T. and M.M.; writing—original draft preparation, A.T., M.M. and M.C.; writing—review and editing, A.T., M.M. and M.C.; visualization, A.T., supervision, M.M., M.C.; project administration, M.C.; funding acquisition, M.C. 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 study was conducted according to the guidelines of the Declaration of Helsinki (revised in 2000 and 2008), and approved by the Department of Veterinary Medicine Animal Ethic Committee, Authorization n° 22/18 and Authorization n° 4/19. All efforts were made to minimize animal suffering and samples were collected without any surplus stress for the animals. All sampling procedures were carried out by veterinary personnel of the Department of Veterinary Medicine (DVM).




Data Availability Statement


Data is contained within the article or Supplementary Materials.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Holmes, A.H.; Moore, L.S.P.; Sundsfjord, A.; Steinbakk Sadie Regmi, M.; Karkey, A.; Guerin, P.J.; Piddock, L.J.V. Understanding the mechanisms and drivers of antimicrobial resistance. Lancet Infect. Dis. 2016, 387, 176–187. [Google Scholar] [CrossRef]

	



Report World Health Organization. Antimicrobial Resistance: An Emerging Water, Sanitation and Hygiene Issue. 2014. Available online: https://www.who.int/water_sanitation_health/publications/antimicrobial-resistance/en/ (accessed on 13 May 2021).

	



Corcoran, E.; Nellemann, C.; Baker, E.; Bos, R.; Osborn, D.; Savelli, H. Sick water? The Central Role of Wastewater Management in Sustainable Development. A rapid Response Assessment. United Nations Environment Programme, UN-Habitat, Grid-Arendal 2010. Available online: http://www.unwater.org/downloads/SickWater_unep_unh.pdf (accessed on 13 May 2020).

	



Foti, M.; Giacopello, C.; Bottari, T.; Fisichella, V.; Rinaldo, D.; Mammina, C. Antibioitc resistance of gram negatives isoaltes from loggerhead sea turtles (Caretta caretta) in the Central Mediterrananean Sea. Mar. Pollut. Bull. 2009, 58, 1363–1366. [Google Scholar] [CrossRef]

	



Di Cesare, A.; Vignaroli, C.; Luna, G.M.; Pasquaroli, S.; Biavasco, F. Antibiotic resistant enterococci in seawater and sediments from a costal fish farm. Microb. Drug Resist. 2012, 18, 502–509. [Google Scholar] [CrossRef] [PubMed]

	



Stewart, J.R.; Townsend, E.; Lane, S.M.; Dyar, E.; Hohn, A.A.; Rowles, T.K.; Staggsd, L.A.; Wells, R.S.; Balmer, B.C.; Schwacje, L.H. Survey of antibiotic-resistant bacteria isolated from bottlenose dolphins Tursiops truncatus in the southeastern USA. Dis. Aquat. Organ. 2014, 108, 91–102. [Google Scholar] [CrossRef]

	



Miranda, C.D.; Zemelman, R. Antibiotic resistant bacteria in fish from the Concepción Bay, Chile. Mar. Pollut. Bull. 2001, 42, 1006–1102. [Google Scholar] [CrossRef]

	



Frazzon, A.P.J. Antibiotic resistant bacteria in free-living marine species. Vet. Record. 2017, 179, 648–649. [Google Scholar] [CrossRef]

	



Brahmi, S.; Touati, A.; Dunyach-Remy, C.; Sotto, A.; Pantel, A.; Lavigne, J.P. High prevalence of extended-Spectrum β-lactamase-producing Enterobacteriaceae in wild fish from the Mediterranean Sea in Algeria. Microb. Drug Resist. 2018, 24, 290–298. [Google Scholar] [CrossRef] [PubMed]

	



Candan, O.; Candan, E.D. Bacterial diversity of the green turtle (Chelonia mydas) nest environment. Sci. Total Environ. 2018, 10, 137717. [Google Scholar] [CrossRef]

	



Senet, S. Mediterranean is Europe’s most waste-polluted sea. Journal de l’Environnement Reports 2019, 1–3. Available online: https://www.euractiv.com/section/energy-environment/news/mediterannean-is-europes-most-waste-polluted-sea-study-says/ (accessed on 15 February 2020).

	



Maravić, M.; Skočibušić, M.; Cvjetan, S.; Šamanić, I.; Fredotović, Z.; Puizina, J. Prevalence and diversity of extended-spectrum-β-lactamase-producing Enterobacteriaceae from marine beach water. Mar. Pollut. Bull. 2015, 90, 60–67. [Google Scholar] [CrossRef] [PubMed]

	



Maravić, M.; Skočibušić, M.; Šamanić, I.; Fredotović, Z.; Cvjetan, S.; Jutronić, M.; Puizina, J. Aeromonas spp. simultaneously harbouring blaCTX-M-15, blaSHV-12 and blaFOX-2, in wild-growing Mediterranean mussel (Mytilus galloprovincialis) from Adriatic Sea, Croatia. Int. J. Food Microbiol. 2013, 166, 301–308. [Google Scholar] [CrossRef]

	



Gordon, L.; Giraud, E.; Ganière, J.P.; Armand, F.; Bouju-Albert, A.; de la Cotte, N.; Mangion, C.; Le Briùs, H. Antimicrobial resistance survey in a river receiving effluents from freshwater fish farms. J. Appl. Microbiol. 2007, 102, 1167–1176. [Google Scholar] [CrossRef] [PubMed]

	



Galgani, F.; Claro, F.; Depledge, M.; Fossi, C. Monitoring the impact of litter in large vertebrates in the Mediterranean Sea within the European marine strategy framework directive (MSFD): Constraints, specificities and recommendations. Mar. Environ. Res. 2014, 100, 3–9. [Google Scholar] [CrossRef] [PubMed]

	



Camacho, M.; Oros, J.; Boada, L.D.; Zaccaroni, A.; Silvi, M.; Formigaro, C.; López, P.; Zumbado, M.; Luzardo, O.P. Potential adverse effect of inorganic pollutants on clinical parameters of loggerhead sea turtles (Caretta caretta): Results from a nesting colony form Cape Verde, West Africa. Mar. Environ. Res. 2013, 92, 15–22. [Google Scholar] [CrossRef] [PubMed]

	



Novillo, O.; Pertusa, J.F.; Tomás, J. Exploring the presence of pollutants of sea: Monitoring heavy metals in loggerhead turtles (Caretta caretta) from the Western Mediterranenan. Sci. Total Environ. 2017, 598, 1130–1139. [Google Scholar] [CrossRef]

	



Casale, P.; Broderick, A.; Camiñas, J.; Cardona, L.; Carreras, C.; Demetropoulos, A.; Fuller, W.; Godley, B.; Hochscheid, S.; Kaska, Y.; et al. Mediterranean Sea turtles: Current knowledge and priorities for conservation and research. Endanger. Species Res. 2018, 36, 229–267. [Google Scholar] [CrossRef]

	



Aguirre, A.A.; O’Hara, T.M.E.; Speaker, T.R.; Jessup, D.A. Monitoring the Health and Conservation of Marine Mammals, Sea Turtles, and Their Ecosystems In Conservation Medicine: Ecological Health in Practice; Aguirre, A.A., Ostfeld, R.S., Tabor, G.M., House, C., Pearl, M.C., Eds.; Oxford University Press: Oxford, UK, 2002; pp. 79–94. [Google Scholar]

	



Caracappa, S.; Persichetti, M.F.; Piazza, A.; Caracappa, G.; Gentile, A.; Marineo, S.; Crucitti, D.; Arculeo, M. Incidental catch of loggerhead sea turtles (Caretta caretta) along the Sicilian coasts by longline fisheries. PeerJ 2018, 6, e5392. [Google Scholar] [CrossRef]

	



Ciccarelli, S.; Valastro, C.; Di Bello, A.; Paci, S.; Caprio, F.; Corrente, M.L.; Trotta, A.; Franchini, D. Diagnosis and treatment of pulmonary disease in sea turtles (Caretta caretta). Animals 2020, 10, 1355. [Google Scholar] [CrossRef]

	



Lazar, B.; Gračan, R. Ingestion of marine debris by loggerhead sea turtles, Caretta caretta, in the Adriatic Sea. Mar. Pollut. Bull. 2011, 62, 43–47. [Google Scholar] [CrossRef] [PubMed]

	



Innis, C.; Nyaoke, A.C.; Williams, C.R., 3rd; Dunnigan, B.; Merigo, C.; Woodward, D.L.; Weber, E.S., 3rd; Frasca, S., Jr. Pathology and parasitology findings of cold-stunned Kemp’s ridley sea turtle (Lepidochelys kempii) stranded on Cape Cod, Massachusetts 2001–2006. J. Wildl. Dis. 2009, 45, 594–610. [Google Scholar] [CrossRef]

	



Innis, C.J.; Frasca, S.J. Bacterial and fungal diseases. In Sea Turtles Health and Rehabilitation; Manire, C.A., Norton, T.N., Stacy, B.A., Innis, J.C., Harms, C.A., Eds.; J. Ross Publishing: Fort Lauderdale, FL, USA, 2017; pp. 779–790. [Google Scholar]

	



Vega-Manriquez, D.X.; Dávila-Arellano, R.P.; Elsava-Campos, C.A.; Salazar Jiménez, E.; Negrete-Philipe, A.C.; Raigoza-figueras, R.; Muñoz-Tenería, F.A. Identification of bacteria present in ulcerative stomatitis lesions of captive sea turtles Chelonia mydas. Vet. Res. Commun. 2018, 42, 251–254. [Google Scholar] [CrossRef]

	



Pace, A.; Dipineto, L.; Fioretti, A.; Hochscheid, S. Loggerhead Sea turtles as sentinel in the western Mediterranean: Antibiotic resistance and environment-related modifications of gram-negative bacteria. Mar. Pollut. Bull. 2019, 149, 110575. [Google Scholar] [CrossRef]

	



Blasi, M.F.; Migliore, L.; Mattei, D.; Rotini, A.; Thaller, M.C.; Alduina, R. Antibiotic resistance of gram-negative bacteria from wild captured Loggerhead Sea turtles. Antibiotics 2020, 9, 162. [Google Scholar] [CrossRef] [PubMed]

	



Al-Bahry, S.N.; Al-Zadjali, M.A.; Mahmoud, I.Y.; Elshafie, A.E. Biomonitoring marine habitats in reference to antibiotic resistant bacteria and ampicillin resistance determinants from oviductal fluid of the nesting green sea turtles, Chelonia mydas. Chemosphere 2012, 87, 1308–1315. [Google Scholar] [CrossRef] [PubMed]

	



Ahasan, M.S.; Picard, J.; Elliott, L.; Kinobe, R.; Owens, L.; Ariel, E. Evidence of antibiotic resistance in Enterobacteriales isolated from green sea turtles, Chelonia mydas on the Great Barrier Reef. Mar. Pollut. Bull. 2017, 120, 18–27. [Google Scholar] [CrossRef] [PubMed]

	



Trotta, A.; Cirilli, M.; Marinaro, M.; Bosak, S.; Diakoudi, G.; Ciccarelli, S.; Paci, S.; Buonavoglia, D.; Corrente, M. Detection of multi-drug resistance and AmpC β-lactamase/extended-spectrum β-lactamase genes in bacterial isolates of loggerhead sea turtles (Caretta caretta) from the Mediterranean Sea. Mar. Pollut. Bull. 2021, 164, 112015. [Google Scholar] [CrossRef] [PubMed]

	



Harms, C.A.; Mihnovets, A.N.; McNeill, J.B.; Kelly, T.R.; Avens, L. Cloacal bacterial isolates and antimicrobial resistant patterns in juvenile loggerhead sea turtle (Caretta caretta) in Core Sound, North Carolina, USA. In Proceedings of the 26th International Symposium on Sea Turtles Conservation and Biology, Crete, Greece, 3–8 April 2006. [Google Scholar]

	



Al-Bahry, S.N.; Mahmoud, I.Y.; Elshafie, A.E.; Al-Harthy, A.; Al-Ghafri, S.; Al-Amir, I.; Alkindi, A. Bacterial flora and antibiotic resistance from eggs of Green turtles Chelonia mydas: An indication of polluted effluents. Mar. Pollut. Bull. 2009, 58, 720–725. [Google Scholar] [CrossRef] [PubMed]

	



Alduina, R.; Gambino, D.; Presentato, A.; Gentile, A.; Sucato, A.; Savoca, D.; Filippello, S.; Visconti, G.; Caracappa, G.; Vicari, D.; et al. Is Caretta Caretta a carrier of antibiotic resistance in the Mediterranean Sea? Antibiotics 2020, 9, 116. [Google Scholar] [CrossRef] [PubMed]

	



Fichi, C.; Cardeti, G.; Cersini, A.; Mancusi, C.; Garducci, M.; Di Guardo, G.; Terracciano, G. Bacterial and viral pathogens detected in sea turtles stranded along the coast of Tuscany, Italy. Vet. Microbiol. 2016, 15, 56–61. [Google Scholar] [CrossRef]

	



Casale, P.; Freggi, D.; Basso, R.; Argano, R. Size at male maturity, sexing methods and adult sex ratio in loggerhead turtles (Caretta caretta) from Italian waters investigated through tail measurements. Herpetol. J. 2005, 15, 145–148. [Google Scholar]

	



Casale, P.; Lazar, B.; Pont, S.; Tomás, J.; Zizzo, N.; Alegre, F.; Badillo, J.; Di Summa, A.; Freggi, D.; Lackovic, G.; et al. Sex ratios of juvenile loggerhead sea turtles Caretta caretta in the Mediterranean Sea. Mar. Ecol. Prog. Ser. 2006, 324, 281–285. [Google Scholar] [CrossRef]

	



Corrente, M.; Madio, A.; Friedrich, K.; Greco, G.; Desario, C.; Tagliabue, S.; D’Incau, M.; Campolo, M.; Buonavoglia, C. Isolation of Salmonella strains from reptile faeces and comparison of different culture media. J. Appl. Microbiol. 2004, 96, 709–715. [Google Scholar] [CrossRef]

	



Khan, A.A.; Nawaz, M.S.; Khan, S.A.; Cerniglia, C.E. Detection of multidrug-resistant Salmonella typhimurium DT104 by multiplex polymerase chain reaction. FEMS Microbiol. Lett. 2000, 2, 355–360. [Google Scholar] [CrossRef]

	



Stecher, B.; Chaffron, S.; Käppeli, R.; Hapfelmeier, S.; Freedrich, S.; Weber, T.C.; Kirundi, J.; Suar, M.; McCoy, K.D.; Von Mering, C.; et al. Like will to like: Abundance of closely related species can predict susceptibility to intestinal colonization by pathogenic and commensal bacteria. PLoS Pathog. 2010, 6, e1000711. [Google Scholar] [CrossRef] [PubMed]

	



CLSI (Clinical and Laboratory Standards Institute). Performance Standards for Antimicrobial Disk and Dilution Susceptibility Tests for Bacteria Isolated from Animals, 4th ed.; CLSI document VET01-A4 and VET01-S2; CLSI: Wayne, PA, USA, 2018. [Google Scholar]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



Innis, C.J.; Braverman, J.M.; Cavin, M.L.; Ceresia, L.R.; Baden, L.R.; Kuhn, D.M.; Frasca, S., Jr.; McGowan, J.P.; Hirokawa, K.; Weber, E.S., 3rd; et al. Diagnosis and management of Enterococcus spp. infections during rehabilitation of cold-stunned Kemp’s ridley turtle (Lepidochelys kempii): 50 cases (2006–2012). J. Am. Vet. Med. Assoc. 2014, 245, 315–323. [Google Scholar] [CrossRef] [PubMed]

	



Wyneken, J.; Burke, T.K.; Salmon, M.; Pederson, D.K. Egg failure in natural and relocated sea turtle nests. J. Herpetol. 1988, 22, 88–96. [Google Scholar] [CrossRef]

	



Aguirre, A.A.; Balazs, G.H.; Zimmerman, B.; Spraker, T.R. Evaluation of Hawaiian green turtles (Chelonia mydas) for potential pathogens associated with fibropapillomas. J. Wildl. Dis. 1994, 30, 8–15. [Google Scholar] [CrossRef] [PubMed]

	



Santoro, M.; Hernandez, G.; Caballer, M.; Garcia, F. Aerobic bacterial flora of nesting Green turtles (Chelonia mydas) from Tortuguero National Park, Costa Rica. J. Zoo Wildl. Med. 2006, 37, 549–552. [Google Scholar] [CrossRef] [PubMed]

	



Innis, C.; Merigo, C.; Dodge, K.; Tlusty, M.; Dodge, M.; Sharp, B.; Myers, A.; McIntosh, A.; Wunn, D.; Perkins, C.; et al. Health evaluation of Leatherback turtles (Dermochelys coriacea) in the northwestern Adriatic during direct capturing and fisheries gear disentanglement. Chelonian Conserv. Biol. 2010, 9, 205–222. [Google Scholar] [CrossRef]

	



Warwich, C.; Arena, P.C.; Steedman, C. Health implications associated with exposure to farmed and wild sea turtles. JRSM Short Rep. 2013, 4, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Sarmiento-Ramírez, J.M.; van der Voort, M.; Raaijmakers, J.M.; Diéguez-Uribeondo, J. Unravelling the microbiome of eggs of the endangered sea turtles Eretmochelys imbricata identifies bacteria with activity against the emerging pathogen Fusarium falciforme. PLoS ONE 2014, 9, e95206. [Google Scholar] [CrossRef]

	



Santoro, H.; Hernandéz, G.; Caballero, M.; García, F. Potential bacterial pathogens carried by nesting leatherback turtles (Dermochelys coriacea) in Costa Rica. Chelonian Conserv. Biol. 2008, 7, 104–108. [Google Scholar] [CrossRef]

	



Aguirre, A.A.; Luz, P. Marine turtles as sentinel of ecosystem health: Is fibropapillomatosis an indicator? Ecohealth 2004, 1, 275–283. [Google Scholar] [CrossRef]

	



Raidal, S.R.; Ohara, M.; Hobbs, R.P.; Prince, R.I.T. Gram negative bacterial infections and cardiovascular parasitism in green sea turtles (Chelonia mydas). Aust. Vet. J. 1998, 76, 415–417. [Google Scholar] [CrossRef]

	



Chuen-Im, T.M.; Areekijseree, M.; Chonthammakun, S.; Graham, S.V. Aerobic bacterial infections in captive juvenile green turtles (Chelonia mydas) and hawksbill turtles (Eretmochelys imbricata) from Thailand. Chelonian Conserv. Biol. 2010, 9, 135–142. [Google Scholar] [CrossRef]

	



Pace, A.; Meomartino, L.; Affuso, A.; Mennonna, G.; Hochscheid, S.; Dipineto, L. Aeromonas indiced polyostotic osteomyelitis in a juvenile loggerhead sea turtle Caretta caretta. Dis. Aquat. Org. 2018, 132, 79–84. [Google Scholar] [CrossRef] [PubMed]

	



Work, T.M.; Dagenais, J.; Stacy, B.A.; Ladner, J.T.; Lorch, J.M.; Balazs, G.H.; Barquero-Calvo, E.; Berlowski-Zier, B.M.; Breeden, R.; Corrales-Gómez, N.; et al. A novel host-adapted strain of Salmonella Thypimurium causes renal disease in olive ridley turtles (Lephdochelys olivacea) in the Pacific. Sci. Rep. 2019, 9, 9313. [Google Scholar] [CrossRef]

	



Ferronato, B.O.; Marques, T.S.; Souza, F.L.; Verdade, L.M.; Matushima, E.R. Oral bacterial microbiota and traumatic injures of free-ranging Phrynops geoffroanus (Testudines, Chelide) in Southeastern Brazil. Phyllomedusa 2009, 8, 19–25. [Google Scholar] [CrossRef]

	



Glazebrook, J.S.; Campbell, R.S.F. A survey of the diseases of marine turtles in northern Australia. ΙΙ. Oceanarium-reared and wild turtles. Dis. Aquat. Org. 1990, 9, 97–104. [Google Scholar] [CrossRef]

	



Fahlman, A.; Crespo-Picazo, J.L.; Sterba-Boatwright, B.; Stacy, B.A.; Garcia-Parraga, D. Defining risk variables causing gas embolism in loggerhead sea turtles Caretta caretta caught in trawls and gillnets. Sci. Rep. 2017, 7, 2739. [Google Scholar] [CrossRef] [PubMed]

	



Parga, M.; Crespo-Picazo, J.L.; García-Párraga, D.; Stacy, B.A.; Harms, C.H. Fisheries and sea turtles. In Sea Turtles Health and Rehabilitation; Manire, C.A., Norton, T.N., Stacy, B.A., Innis, J.C., Harms, C.A., Eds.; J. Ross Publishing: Fort Lauderdale, FL, USA, 2017; Chapter XXXV; pp. 859–897. [Google Scholar]

	



Rodríguez-Navarro, J.; Miró, E.; Brown-Jaque, M.; Hurtado, J.C.; Moreno, A.; Muniesa, M.; González-López, J.J.; Vila, J.; Espinal, P.; Navarro, F. Comparison of Commensal and Clinical Isolates for Diversity of Plasmids in Escherichia coli and Klebsiella pneumoniae. Antimicrob. Agents Chemother. 2020, 64, e02064-19. [Google Scholar] [CrossRef]

	



ISPRA Guidelines (89/2013). Linee guida per il recupero, soccorso, affidamento e gestione delle tartarughe marine ai fine della riabilitazione e per la manipolazione a scopi scientifici. Available online: https://www.isprambiente.gov.it/en/publications/handbooks-and-guidelines/guidelines-for-the-recovery-rescue-and-management-of-sea-turtles-for-the-purposes-of-rehabilitation-and-for-scientific-purposes (accessed on 15 April 2021).

	



Fernandes, M.; Grilo, M.L.; Carneiro, C.; Cunha, E.; Tavares, L.; Patino-Martinez, J.; Oliveira, M. Antibiotic Resistance and Virulence Profiles of Gram-Negative Bacteria Isolated from Loggerhead Sea Turtles (Caretta caretta) of the Island of Maio, Cape Verde. Antibiotics 2021, 10, 771. [Google Scholar] [CrossRef]

	



Dandachi, I.; Chabo, S.; Daoud, Z.; Rolain, J.-M. Prevalence and Emergence of Extended-spectrum Cephalosporin-, Carbapenem- and Colistin resistant gram negative bacteria of animal origin in the Mediterranean Basin. Front. Microbiol. 2018, 9, 1–26. [Google Scholar] [CrossRef]

	



Wang, J.; Ma, Z.-B.; Zeng, Z.-L.; Yand, X.-W.; Huang, Y.; Liu, J.-H. The role of wildlife (wild birds) in the global transmission of antimicrobial resistance gene. Zool. Res. 2017, 38, 55–80. [Google Scholar] [CrossRef]

	



Maravić, M.; Skočibušić, M.; Fredotović, Z.; Šamanić, I.; Cvjetan, S.; Knezović, M.; Puizina, J. Urban River environment is a source of multi-drug resistant and ESBL-producing clinically important Acinetobacter spp. Environ. Sci. Pollut. Res. 2016, 23, 3525–3535. [Google Scholar] [CrossRef] [PubMed]

	



Corum, O.; Altan, F.; Yildiz, R.; Ider, M.; Ok, M.; Uney, K. Pharmacokinetics of enrofloxacin and danofloxacin in premature calves. J. Vet. Pharmacol. Ther. 2019, 42, 624–631. [Google Scholar] [CrossRef]

	



Sanders, C.C. Mechanisms responsible for cross-resistance and dichotomus resistance among quinolones. Clin. Infect. Dis. 2001, 32 (Suppl. S1), S1–S8. [Google Scholar] [CrossRef] [PubMed]

	



Hopper, D.C.; Jacoby, G.A. Mechanisms of drug resistance: Quinolone resistance. Ann. N. Y. Acad. Sci. 2015, 1353, 12–31. [Google Scholar] [CrossRef] [PubMed]

	



Chuen-Im, T.; Sawetsuwannakun, K.; Neesanant, P.; Kitkumthorn, N. Antibiotic-Resistant Bacteria in Green Turtle (Chelonia mydas) Rearing Seawater. Animals 2021, 11, 1841. [Google Scholar] [CrossRef]

	



Drane, K.; Huerlimann, R.; Power, M.; Whelan, A.; Ariel, E.; Sheehan, M.; Kinobe, R. Testudines as Sentinels for Monitoring the Dissemination of Antibiotic Resistance in Marine Environments: An Integrative Review. Antibiotics 2021, 10, 775. [Google Scholar] [CrossRef] [PubMed]








[image: Animals 11 02435 g001 550] 





Figure 1. Map of sites (red dots) of the western Adriatic Sea near Apulia (yellow) where the loggerhead sea turtles were found stranded or captured by local fishermen. Image source: www.freepik.com (Accessed date 15 December 2020). 
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Figure 2. Genera found in oral/cloacal samples. 
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Figure 3. Distribution of genera found in clinical samples. 
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Figure 4. Percentage of AMR of O/C isolates vs. clinical isolates. AMP: Ampicillin, AMC: Amoxicillin + Clavulanic acid; CTZ: Ceftazidime; CXM: Cefuroxime; CIP: Ciprofloxacin; ENR: Enrofloxacin; DXT: Doxycycline, GN: Gentamycin. 
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Table 1. Major features of healthy and injured loggerhead sea turtles included in the study (200 subjects).
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	Juvenile
	Subadult
	Adult





	Number of subjects
	100
	76
	24



	CCL a
	31 ± 9.2
	53 ± 2.3
	74 ± 10.3



	Sex b
	/
	/
	11 males/13 females



	Weight c
	22 ± 8.7
	37 ± 6.3
	45 ± 2.4



	Healthy animals
	70
	23
	5



	Injured animals
	30
	53
	19







a CCL, curved carapace length expressed in cm; mean ± standard deviation. b If applicable because young subjects did not show sexual dimorphism. c Value expressed in kg; mean ± standard deviation.
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Table 2. Summary of the resistance patterns in all bacterial isolates (n = 410) and percentages of resistance in O/C or clinical isolates.
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Antibiotics

	
Phenotypic Profiles in 410 Isolates

	
Percentage of Resistance in Oral/Cloacal and Clinical Isolates




	

	
R

	
R (%)

	
O/C Isolates

(280)

R (%)

	
Clinical Isolates

(130)

R (%)






	
AMP

	
233 *

	
56.8 **

	
45

	
82




	
AMC

	
242

	
59

	
52

	
73.8




	
CTZ

	
300

	
73.1

	
7.8

	
73.8




	
CXM

	
223

	
54.3

	
50

	
63.8




	
CIP

	
53

	
12.9

	
0

	
40.7




	
ENR

	
59

	
14.3

	
3.9

	
36.9




	
DXT

	
161

	
39.2

	
38.5

	
40.7




	
GN

	
72

	
17.5

	
7.8

	
38.4








R, resistant; R (%), resistance percentage. AMP: Ampicillin, AMC: Amoxicillin + Clavulanic acid; CTZ: Ceftazidime; CXM: Cefuroxime; CIP: Ciprofloxacin; ENR: Enrofloxacin; DXT: Doxycycline, GN: Gentamycin. * Number of isolates showing that phenotype. ** Percentage of isolates showing that phenotype.
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