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a b s t r a c t

The green turtle (Chelonia mydas) is listed as a globally endangered species and is vulnerable to
anthropogenic threats, including environmental pollution. This study investigated the antimicrobial
resistance of Gram-negative bacteria isolated from wild green turtles admitted to a sea turtle rehabili-
tation center in Taiwan. For this investigation, cloacal and nasal swab samples were collected from 28
green turtles between 2018 and 2020, from which a total of 47 Gram-negative bacterial isolates were
identified. Among these, Vibrio spp. were the most dominant isolate (31.91%), and 89.36% of the 47
isolates showed resistance to at least one of 18 antimicrobial agents tested. Isolates resistant to one
(6.38%), two (8.51%), and multiple (74.47%) antimicrobials were observed. The antimicrobial agents to
which isolates showed the greatest resistance were penicillin (74.47%), followed by spiramycin, amoxi-
cillin, and cephalexin. The antimicrobial-resistance profiles identified in this study provide useful in-
formation for the clinical treatment of sea turtles in rehabilitation facilities. The results of our study also
imply that wild green turtles may be exposed to polluting effluents containing antimicrobials when the
turtles traverse migratory corridors or forage in feeding habitats. To benefit sea turtle conservation,
future research should focus on (1) how to prevent pollution from antimicrobials in major green turtle
activity areas and (2) identifying sources of antimicrobial-resistant bacterial strains in coastal waters of
Taiwan.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Five of the seven globally recognized marine turtle species are
found in the coastal regions of Taiwan, including the green turtle
(Chelonia mydas), hawksbill turtle (Eretmochelys imbricata), olive
ridley turtle (Lepidochelys olivacea), leatherback turtle (Dermochelys
coriacea), and loggerhead turtle (Caretta caretta) (Kuo et al., 2017;
Cheng et al., 2019a). Of these five marine turtle species, the green
turtle (C. mydas) is the most abundant in Taiwan (Kuo et al., 2017;
Cheng et al., 2019a). In fact, the coastal waters of Taiwan are known
to contain feeding habitats and migratory corridors for green tur-
tles (Cheng 2000; Cheng et al., 2018, 2019b; Ng et al., 2018a; Kuo
et al., 2017; Li et al., 2020). The green turtle is listed as a globally
.-A. Tsai), changcc@dragon.
Li).
endangered species (International Union for Conservation of Na-
ture, IUCN, 2016) and it is also listed under the Schedule of Pro-
tected Marine Species (Ocean Affairs council, Executive Yuan) in
Taiwan. Anthropogenic activities, including bycatch, illegal egg
harvesting, artificial coastal construction, marine debris, global
environmental change, and environmental pollution, pose major
threats to green turtle populations (Aguirre and Lutz, 2004;
Hamann et al., 2010; Jones et al., 2016; Perrault et al., 2017; Godoy
and Stockin, 2018; Ng et al., 2018b). The current study focused on
threats from environmental pollutants, which is a priority research
area for marine turtle conservation (Hamann et al., 2010; Rees et al.,
2016).

Antimicrobial agents are a significant type of aquatic environ-
mental pollutant (Foti et al., 2009; Al-Bahry et al., 2011; Marinho
et al., 2013; Prichula et al., 2016; Pace et al., 2019, Huijbers et al.,
2020). Sources of antimicrobial agents in seawater include aqua-
culturewaste and wastewater discharges from land (Al-Bahry et al.,
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2009a; Kummerer, 2009; Zhang et al., 2009; Gullberg et al., 2011;
Suzuki et al., 2017, Huijbers et al., 2020). Because antimicrobial
residues become highly diluted in seawater (Al-Bahry et al., 2012),
antimicrobial-resistant bacteria may easily develop in marine
creatures; thus, the distribution of bacteria can be used to detect
antimicrobial pollution in marine environments (Al-Bahry et al.,
2011, 2012; Marinho et al., 2013; Meena et al., 2015; Prichula
et al., 2016; Pace et al., 2019). Several studies have also suggested
using antimicrobial-resistance data as indices to quantify marine
pollution (Foti et al., 2009; Marinho et al., 2013; Meena et al., 2015).
As sea turtles play a key role in maintaining the health of marine
ecosystems (Aguirre and Lutz, 2004), previous studies have
employed these animals as bioindicators to determine pollution
levels in local marine environments (Foti et al., 2009; Al-Bahry
et al., 2011; Ahasan et al., 2017; Pace et al., 2019). Due to their
high fidelity to coastal foraging grounds and nesting sites, long life-
spans, and frequent use of nearshore habitats affected by anthro-
pogenic activities, green turtles are often exposed to antimicrobial
residues and antimicrobial-resistant bacteria, which are common
in polluted areas (Al-Bahry et al., 2009b, 2011; Foti et al., 2009;
Alduina et al., 2020; Blasi et al., 2020). Therefore, investigating the
presence of antimicrobial-resistant bacteria in sea turtles may be an
alternative to evaluating levels of antimicrobial pollution in marine
environments (Al-Bahry et al., 2012; Galgani et al., 2014; Pace et al.,
2019). Furthermore, as antimicrobial-resistant bacteria have been
detected in both healthy wild sea turtles and injured or sick turtles
undergoing rehabilitation (Foti et al., 2009; Innis et al., 2014;
Prichula et al., 2016; Delli Paoli Carini et al., 2017; Pace et al., 2019;
Tsai et al., 2019; Alduina et al., 2020; Ciccarelli et al., 2020), the
effectiveness of clinical treatments for microbial infections in
rescued sea turtles may be severely limited (Guthrie et al., 2010;
Innis et al., 2014; Pace et al., 2018; Tsai et al., 2019; Ciccarelli et al.,
2020).

Coastal areas in Taiwan contain major foraging and nesting sites
for green turtles (Cheng 2000; Cheng et al., 2018, 2019b; Ng et al.,
2018a; Kuo et al., 2017; Li et al., 2020; Ng and Matsuzawa, 2020).
However, no previous studies have investigated antimicrobial
resistance profiles among bacteria isolated from endangered green
turtles in Taiwan (Ng and Matsuzawa, 2020). The current study
sought to fill this research gap. Our findings should help inform the
management, conservation, and protection of green turtles, which
are important research areas for this species.

2. Materials and methods

2.1. Sample collection

In this study, samples from green turtles were collected under
the following permits: the Institutional Animal Care and Use
Committee (IACUC) of the National Museum of Marine Biology and
Aquarium (NMMBA) (Permit no. 2017005, 2,018,007, and 2020001),
the Forestry Bureau (Permit no. 1061702798), and the Ocean Con-
servation Administration (Permit no. 1070003700 and
1080007820). The study included a total of 28 green turtles that
had been admitted to the sea turtle rehabilitation center at the
NMMBA in Checheng Township, Pingtung County, Taiwan, between
2018 and 2020. Samples were collected after the turtles were
admitted but before any antimicrobials had been administered. Of
the 28 turtles, 27 (96%) were captured in southern Taiwan and 1
(4%) was captured in northern Taiwan. All turtles were identified
through the official reporting system of the Marine Animal Rescue
Network (established by the Ocean Conservation Administration)
and brought to the rehabilitation center due to severe injuries or
other issues. Reasons for admission included the following: being
accidentally caught by fishermen/entanglement in fishing nets (13
2

cases), unknown cause of stranding (10 cases), buoyancy disorders
(4 cases), and ingestion of hooks (1 case). During the rehabilitation
period, all sea turtles were separately housed in individual reha-
bilitation tanks to eliminate aggressive behavior and reduce
contamination. Conditions in all rehabilitation tanks were specific
for rescued sea turtles and involved a continuous flow of sand-
filtered natural seawater, the temperature of which varied from
approximately 22 to 28 �C. No other rescued wild animals,
including mammals, birds, or other reptiles, were kept at our
rehabilitation facility during the study period. Thus, none of the sea
turtles included in our study had contact with any other animals
while being treated at our facility. Most green turtles were fed a
mainly vegetarian diet (including seagrass and seaweed). However,
more emaciated turtles were initially fed a diet primarily
comprised of seafood (including squid, fish, and shrimp). No sea
turtles that had been treated with antimicrobial drugs were
included in this study.
2.2. Isolation and identification of bacterial species from green
turtles

After peri-cloacal and peri-nasal areas were disinfected with a
70% alcohol solution, one cloaca swab and one nasal cavity swab
were respectively collected from each green turtle using sterile
swabs (Ahasan et al., 2017; Pace et al., 2019). Swabs were plated
onto tryptic soy agar (TSA; Difco, USA) containing 1.5% NaCl (TSN),
McConkey agar (Difco, USA), thiosulphate-citrate-bile salts-sucrose
(TCBS; Difco, USA) agar, and TSA containing 5% sheep blood. The
plates were incubated at 25 �C for 24e48 h. In this study, a total of
25 isolates from cloaca swabs and 22 isolates from nasal cavity
swabs were recovered from cultured plates. All isolates were Gram-
stained, tested for catalase and oxidase activity, and identified using
API 20 E and API 20 NE systems (Biomerieux, France) (Al-Bahry
et al., 2009b). Additionally, typical Vibrio colonies were further
verified by polymerase chain reaction (PCR) using specific primers
according to previously described methods (Haldar et al., 2010).
2.3. Determination of antimicrobial resistance

Antimicrobial resistance profiles were determined using the
Kirby-Bauer method on Muller Hinton agar (MHA; Difco, USA), and
Vibrio spp. isolates were cultured on MHA plates supplemented
with 1% NaCl. Similar to previous research (Tsai et al., 2019), all
isolates in this study were tested against 18 different antimicrobial
discs that contained penicillin (10 mg), doxycycline (30 mg), enro-
floxacin (5 mg), nitrofurantoin (300 mg), cephalexin (30 mg),
oxytetracycline (30 mg), amoxicillin/clavulanic acid (30 mg), genta-
micin (10 mg), amikacin (30 mg), piperacillin (100 mg), ciprofloxacin
(5 mg), cefoperazone (30 mg), sulfamethoxazole/trimethoprim
(25 mg), spiramycin (100 mg), chloramphenicol (30 mg), ceftiofur
(30 mg), azithromycin (15 mg), or amoxicillin (25 mg) (Oxoid Ltd,
Basingstoke, United Kingdom). The plates were incubated at 25 �C
for 18 h. Results were subsequently evaluated in accordance with
standards from the Clinical and Laboratory Standards Institute
(CLSI Volume 36, 2016) to determine resistance against various
antimicrobial agents (Foti et al., 2009; Innis et al., 2014; CLSI, 2016;
Prichula et al., 2016; Alduina et al., 2020; Blasi et al., 2020). In this
study, bacterial isolates resistant to at least three antimicrobial
agents were defined as having multiple antimicrobial resistance
(Prichula et al., 2016; Ahasan et al., 2017; Delli Paoli Carini et al.,
2017).
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3. Results

3.1. Bacterial isolation

This study collected samples from 28 green turtles (Curved
Carapace Length; CCL: mean 46.75 cm ± S.D. 8.99 cm; range:
37.00e80.00 cm) using nasal (n ¼ 22) and cloacal (n ¼ 25) swabs.
All sea turtles in this study were identified as immature green
turtles (including 27 juveniles and 1 sub-adult) on the basis of CCL:
turtles with CCL < 67 cm were classified as juveniles (n ¼ 27),
whereas the animal with a CCL between 67 and 84 cm was classi-
fied as sub-adult (n ¼ 1) (Ng et al., 2018b). A total of 47 Gram-
negative bacterial isolates were identified from the samples. Vib-
rio spp. were the most dominant species, followed by Aeromonas
Fig. 1. Frequency distribution of isolates recovered from nasal

Fig. 2. Relative percentages of Vibrio species identified in nasal ca

3

spp., species from the Shewanella putrefaciens group, unidentified
Gram-negative bacteria, Citrobacter freundii, Photobacterium dam-
selae, Acinetobacter junii, Mannheimia haemolytica, Pseudomonas
alcaligenes, Sphingomonas paucimobilis, Klebsiella oxytoca, species
from the Proteus vulgaris group, and Shigella spp. (Fig. 1). After
performing further species identification tests for Vibrio, the iso-
lates (n ¼ 15) were found to be the following: Vibrio alginolyticus,
Vibrio harveyi, Vibrio vulnificus, Vibrio cholerae, and Vibrio metsch-
nikovii, according to their presence frequencies (Fig. 2).

3.2. Profiles of antimicrobial resistance among bacterial isolates

Antimicrobial resistance profiles revealed that 89.36% of the
isolates identified in this study (42/47) were resistant to at least one
cavities (n ¼ 22) and cloacae (n ¼ 25) of Chelonia mydas.

vity (n ¼ 10) and cloacal swabs (n ¼ 5) from Chelonia mydas.



Fig. 3. Percentages of antimicrobial resistance in Gram-negative bacteria from Chelonia mydas. Abbreviations on the x-axis denote the tested antimicrobial agents, as follows: P.
penicillin, AML. amoxicillin, SP. spiramycin, CL. cephalexin, CFP. cefoperazone, AMC. amoxicillin-clavulanic acid, PIP. piperacillin, EFT. ceftiofur, ENO. enrofloxacin, SXT. sulfa-
methoxazole/trimethoprim, AN. amikacin, CN. gentamicin, AZM. azithromycin, CIP. ciprofloxacin, OT. oxytetracycline, F/M. nitrofurantoin, C. chloramphenicol, DO. doxycycline.
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of the 18 tested antimicrobial agents. Specifically, isolates resistant
to one (3/47 or 6.38%), two (4/47 or 8.51%), and multiple (35/47 or
74.47%) antimicrobials were observed. Among the various antimi-
crobial agents, the largest percentage of isolates (74.47%) were
resistant to penicillin (88% and 59.09% in cloaca and nasal swabs,
respectively), followed by spiramycin (68% and 72.72% in cloaca and
nasal swabs, respectively), amoxicillin (76% and 54.55% in cloaca
and nasal swabs, respectively), and cephalexin (68% and 59.09% in
cloaca and nasal swabs, respectively) (Fig. 3). Furthermore, among
the 47 Gram-negative bacterial isolates identified in this study,
40.42% (19/47), mainly Vibrio spp. (9/19) and Aeromonas spp. (4/19),
were resistant to six or more antimicrobial agents (Table 1).

4. Discussion

Current research on green turtles in Taiwan is primarily focused
on captivity and husbandry, blood profiles, infectious diseases, and
nesting ecology. Published articles pertaining to marine pollution
and antimicrobial resistance in bacteria isolated from sea turtles are
limited. Our previous research (Tsai et al., 2019) revealed that one
olive ridley turtle (Lepidochelys olivacea) infected with multiple
antimicrobial-resistant bacteria (Enterococcus faecalis) suffered
from osteomyelitis. Because antimicrobial-resistant bacteria are a
worldwide concern, this study aimed to advance our knowledge
and understanding of antimicrobial resistance profiles among
bacteria isolated from wild green turtles in Taiwan.

Marine pollution is considered to be a priority research area for
global sea turtle conservation (Hamann et al., 2010; Rees et al.,
2016). In wild marine turtles, antimicrobial resistant bacteria may
be indicative of coastal contamination (Al-Bahry et al., 2009b; Delli
Paoli Carini et al., 2017; Pace et al., 2019). In terms of pathogenicity,
Gram-negative bacteria are generally more virulent than Gram-
positive bacteria. To the best of our knowledge, no previous study
has investigated antimicrobial resistance in Gram-negative bacteria
isolated from green turtles in the East Asia Region. Using cloacal
and nasal cavity swabs from wild green turtles in Taiwan, we iso-
lated a total of 47 Gram-negative bacteria strains. Among these, the
most common and second most common species identified were
Vibrio spp. (31.91%) and Aeromonas spp. (19.15%), respectively.
4

Furthermore, 60.00% of Vibrio spp. isolates (9/15) and 44.44% of
Aeromonas spp. isolates (4/9) in our study were found to be resis-
tant to six or more different antimicrobial agents. Therefore, the
effectiveness of many antimicrobial agents could be limited in
treating infected green turtles. Vibrio species have often been found
in sea turtles around the world (Work et al., 2003; Santoro et al.,
2006; Fichi et al., 2016; Pace et al., 2019; Alduina et al., 2020;
Blasi et al., 2020) and have been reported in previous green turtle
studies (Work et al., 2003; Delli Paoli Carini et al., 2017). The most
prevalent Vibrio species identified in our study was V. alginolyticus
(46.66%; 7 isolates), followed by V. harveyi (20.00%; 3 isolates),
V. vulnificus (20.00%; 3 isolates), V. cholerae (6.66%; 1 isolate), and
V. metschnikovii (6.66%; 1 isolate). V. alginolyticus plays various roles
in sea turtles. For example, it is part of the common flora in the oral
cavity and cloaca in healthy sea turtles captured from foraging
grounds (Zavala-Norzagaray et al., 2015), is an opportunistic
pathogen (Or�os et al., 2004, 2005), in gastrointestinal lesions of
captive juvenile sea turtles (Chuen-Im et al., 2010), and can be
responsible for skin disease in an aquarium-housed loggerhead
turtle (Wiles and Rand, 1987). Work et al. (2003) reported that
V. harveyiwas the most prevalent bacteria isolated fromwild green
turtles suffering from bacteraemia. Taken together, findings from
both the current and previous studies indicate that V. alginolyticus
and V. harveyi should be considered important pathogens in sick
and injured sea turtles in rehabilitation centers.

Aeromonas spp. (19.15%) were the second most frequently iso-
lated species in our study. Aeromonas species are widely distributed
in aquatic environments worldwide (Igbinosa et al., 2012). Aero-
monas spp. cultured from diseased sea turtles have also been
identified in previous studies, including from digestive lesions in
stranded and captive sea turtles (Or�os et al., 2004; Chuen-Im et al.,
2010) as well as from traumatic ulcerative skin lesions in stranded
loggerhead turtles (Or�os et al., 2005). In addition, A. hydrophilawith
multiple antimicrobial resistance was isolated from a loggerhead
sea turtle with a bone infection (Pace et al., 2018). Veterinarians
treating debilitated sea turtles with Aeromonas infections should be
aware that Aeromonas spp. are pathogenic to sea turtles and can
carry multiple-antimicrobial resistance.

Antimicrobial resistance profiles in bacteria isolated from wild



Table 1
Distribution of antimicrobial resistance patterns among 19 Gram-negative bacterial isolates from green turtles that showed resistance to six or more different antimicrobial agents.

Bacteria Antimicrobial group/agentsa No. of
antimicrobial
resistance

Penicillin Beta lactam
- beta
lactamase
inhibito

Cephem Macrolides Fluoroqui-
nolones

Aminogly-
cosides

Tetracyclines Folate
Pathway
Inhibitors

Phenicols Nitrofurans AML P

PIP AMC EFT CL CFP AZM SP CIP ENO AN CN OT DO SXT C F/M

Proteus vulgaris
group

e þ þ þ e þ e e þ þ þ þ þ þ e e e þ 11

Citrobacter
freundii

þ þ þ þ e þ e þ þ þ þ e e e e þ e e 10

Aeromonas
hydrophila/
caviae

þ þ e e e þ þ e þ e e e e þ þ þ þ e 9

Vibrio harveyi þ þ þ e þ þ þ e þ e þ e e e e e e e 8
Acinetobacter

junii
e þ e e þ þ þ e þ þ þ e e e e e e þ 8

V. harveyi þ þ þ e þ þ þ e þ e e e þ e e e e e 8
V. vulnificus þ þ þ þ þ þ þ e þ e e e e e e e e e 8
A. hydrophila/

caviae
þ þ þ e þ þ þ e þ e e e e e e e e e 7

C. freundii þ þ þ þ e þ þ e þ e e e e e e e e e 7
V. harveyi þ þ þ e þ þ þ e þ e e e e e e e e e 7
V. alginolyticus þ þ þ þ e þ þ e þ e e e e e e e e e 7
V. vulnificus þ þ þ e þ þ þ e þ e e e e e e e e e 7
V. alginolyticus þ þ þ e e þ þ e þ e e þ e e e e e e 7
V. alginolyticus þ þ þ e e þ e þ þ e e e þ e e e e e 7
Shewanella

putrefaciens
group

þ þ e þ e þ þ e þ e e e e e e e e e 6

A. sobria þ þ þ þ e þ e e þ e e e e e e e e e 6
A. salmonicida

ssp
salmonicida

þ þ þ þ e þ e e þ e e e e e e e e e 6

Pseudomonas
alcaligenes

e e þ e e þ þ e þ e þ þ e e e e e e 6

V. cholerae þ e e e þ þ þ e þ e e þ e e e e e e 6

þ Indicates that the isolate was resistant to the antimicrobial agent.
- Indicates that the isolate was susceptible to the antimicrobial agent.
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sea turtles may be useful as indices of marine pollution (Foti et al.,
2009; Al-Bahry et al., 2011; Marinho et al., 2013). In the current
study, a majority (89.36%) of isolates showed resistance to at least
one of the 18 tested antimicrobial agents. Importantly, none of the
sea turtles captured from the wild had been treated with any
antimicrobial agents prior to sample collection in our study. With
regard to antimicrobial resistance patterns, we found that a high
proportion (74.47%) of Gram-negative bacteria isolated from green
turtles possessed multiple antimicrobial resistance (i.e., resistance
to at least three antimicrobial agents). These results are similar to
findings reported in previous research. For example, one previous
study found that more than 60% of bacteria strains isolated from
green turtles in Oman were resistant to multiple antimicrobial
agents (Al-Bahry et al., 2011). Pace et al. (2019) also recently re-
ported that more than 60% of bacteria isolated from loggerhead sea
turtles in the western Mediterranean exhibited resistance to at
least three antimicrobial agents. In addition, Ciccarelli et al. (2020)
recently isolated several multidrug-resistant Gram-negative bac-
teria (Citrobacter freundii and Pseudomonas putrefaciens) from log-
gerhead sea turtles with pulmonary diseases. Moreover, Ahasan
et al. (2017) reported that bacterial isolates from rehabilitated
green turtles (which had not received any antimicrobial treatment
prior to sample collection) were more likely to possess multiple
antimicrobial resistance compared to isolates from free-ranging sea
turtles.

Because wild sea turtles should not have a history of exposure to
antimicrobial therapy under natural conditions, resistance in bac-
teria isolated from wild sea turtles has become an ever-greater
concern (Al-Bahry et al., 2009, 2011, 2012; Foti et al., 2009;
Frazzon, 2016; Ahasan et al., 2017; Pace et al., 2019). In this study,18
of the 28 turtles (64%) were administered antimicrobials by a
certified veterinarian to prevent bacterial infections during the
rehabilitation period. However, no sea turtle received antimicrobial
drugs prior to sample collection. Why most bacterial isolates from
sea turtles in our study were resistant to multiple antimicrobial
agents remains unclear. It is possible that the multiple
antimicrobial-resistant strains are related to coastal effluent
pollution (Foti et al., 2009; Kummerer, 2009; Al-Bahry et al., 2009,
2012; Frazzon, 2016). In other words, selection pressure may cause
bacteria in marine habitats to develop antimicrobial resistance
following exposure to environmental effluents that contain anti-
microbial agents (e.g., effluents from waste produced by agricul-
ture, aquaculture, human medical, and veterinary medical
industries) (Rice et al., 1995; Chee-Sanford et al., 2001; Cabello,
2006; Al-Bahry et al., 2009a, 2011, 2012; Foti et al., 2009; Meena
et al., 2015; Frazzon, 2016; Ahasan et al., 2017; Pace et al., 2019).
However, antimicrobial resistance in bacteria can also be influenced
by other pollutants, such as heavy metals. For example, results of
previous studies indicated that heavy metals were correlated with
the selection of antimicrobial resistance genes (Yamaguchi et al.,
1990; Palm et al., 2008; Gorovtsov et al., 2018; Chen et al., 2019),
which suggests that heavy metals may induce antibiotic resistance
in metal-contaminated environments. In the present study, all 28
green turtles were designated as immature (27 juveniles and 1 sub-
adult) in accordance with CCL classifications (Ng et al., 2018b).
Immature green turtles are considered to be resident animals that
typically frequent inshore foraging habitats with a high degree of
site fidelity (Limpus et al., 1994; Musick and Limpus, 1997; Jones
et al., 2016). As documented in previous studies (Ng et al., 2018a;
Kuo et al., 2017; Cheng et al., 2019b; Li et al., 2020), the inshore
environments of Taiwan contain foraging areas for green turtles.
These biological factors combinedwith the antimicrobial resistance
profiles that were identified in the current research suggest that the
green turtles in our study may have been exposed to coastal
effluent pollution containing antimicrobial agents or heavy metals
6

after recruiting to nearshore foraging grounds. Given that sea tur-
tles are sensitive bioindicators of pollution in marine ecosystems
(Foti et al., 2009; Al-Bahry et al., 2011; Ahasan et al., 2017; Pace
et al., 2019), the presence of antimicrobial-resistant bacteria in
wild green turtles in Taiwan highlights the need to appropriately
manage polluting effluents in marine environments.

In our study, isolated Gram-negative bacteria were frequently
resistant to penicillin (74.47%), spiramycin (70.20%), amoxicillin
(65.94%), and cephalexin (63.83%). A high prevalence of penicillin
resistance has also been reported in previous studies (Pinera-
Pasquino, 2006; Ahasan et al., 2017). For example, Pinera-
Pasquino (2006) found that Gram-negative bacteria isolated from
loggerhead sea turtles in North Carolina, USA, weremost frequently
resistant to penicillin (95.2%). A high prevalence (76.6%) of
penicillin-resistant bacteria was also found in a study on green
turtles in the Great Barrier Reef, Australia (Ahasan et al., 2017). In
our study, the resistance rate (65.94%) for amoxicillin (which be-
longs to the penicillin family of antimicrobials) was similar to the
resistance rate reported in bacteria from loggerhead sea turtles in
the central Mediterranean Sea (Foti et al., 2009). However, peni-
cillin and amoxicillin are commonly used as antimicrobial agents in
sea turtles with Enterococcus spp. infections during rehabilitation
(Innis et al., 2014; Tsai et al., 2019). Our study also found a high
resistance rate for cephalexin (63.83%), which is very similar to
results reported in a previous study (68.9%) by Ahasan et al. (2017).
A recent study by Ciccarelli et al. (2020) also found that 92% of
isolates from sea turtles (C. caretta) with pulmonary disease were
resistant to cephalexin. Antimicrobial therapy plays an important
role in treating diseased sea turtles in rehabilitation centers. Bac-
teria with antimicrobial resistance can limit therapeutic options
and further complicate treatment efficacy in sea turtles with bac-
terial infections (Guthrie et al., 2010; Innis et al., 2014; Pace et al.,
2018; Tsai et al., 2019; Ciccarelli et al., 2020).

In our study, different antimicrobial-resistant bacteria were
isolated from rescued green turtles captured from the wild in
Taiwan. The presence of antimicrobial-resistant bacteria is
considered to be a bioindicator of pollution in coastal marine areas
(Foti et al., 2009; Al-Bahry et al., 2011). However, how these sea
turtles aquired antimicrobial-resistant bacteria as well as the
mechanisms that underlie the development of antimicrobial
resistance in these bacteria require further elucidation.
5. Conclusions

To the best of our knowledge, this is the first study to report on
antimicrobial resistance profiles in Gram-negative bacteria isolated
fromwild green turtles in the East Asia region. The identification of
Gram-negative bacteria with multiple antimicrobial resistance
isolated from wild green turtles raises serious concerns about the
extent of antimicrobial residue pollution in coastal waters around
Taiwan. Our findings provide important clinical references to
benefit the treatment of rescued sea turtles that may have been
infected with antimicrobial-resistant bacteria.
Author contributions

Tsung-Hsien Li: conceived of the study, analyzed the data, car-
ried out the statistical analysis, performed the veterinary care, and
drafted the paper. Chao-Chin Chang: participated in the design of
the study and helped draft the paper. Ming-An Tsai: performed the
sample collection, isolation and identification of bacterial species,
antimicrobial resistance testing, participated in the design of the
study, and helped draft the paper.



M.-A. Tsai, C.-C. Chang and T.-H. Li Environmental Pollution 277 (2021) 116870
Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgments

The authors gratefully acknowledge the Forestry Bureau,
Council of Agriculture, Executive Yuan, Taiwan, for supporting this
work (109AS-10.10.1-FB-e1, 108AS-10.8.1-FB-e1, and 107AS-10.8.1-
FB-e2).

References

Aguirre, A.A., Lutz, P.L., 2004. Marine turtles as sentinels of ecosystem health: is
fibropapillomatosis an indicator? EcoHealth 1, 275e283.

Ahasan, M.S., Picard, J., Elliott, L., Kinobe, R., Owens, L., Ariel, E., 2017. Evidence of
antibiotic resistance in enterobacteriales isolated from green sea turtles, Che-
lonia mydas on the Great Barrier Reef. Mar. Pollut. Bull. 120, 18e27.

Al-Bahry, S.N., Mahmoud, I.Y., Al-Belushi, K.I.A., Elshafie, A.E., Al-Harthy, A.,
Bakheitt, C.K., 2009a. Coastal sewage discharge and its impact on fish with
reference to antibiotic resistant enteric bacteria and enteric pathogens as bio-
indicators of pollution. Chemosphere 77, 1534e1539.

Al-Bahry, S.N., Mahmoud, I.Y., Elshafie, A.E., Al-Harthy, A., Al-Ghafri, S., Al-Amri, I.,
Alkindi, A.Y., 2009b. Bacterial flora and antibiotic resistance from eggs of green
turtles Chelonia mydas: an indication of polluted effluents. Mar. Pollut. Bull. 58,
720e725.

Al-Bahry, S.N., Mahmoud, I.Y., Al-Zadjali, M., Elshafie, A., Al-Harthy, A., Al-Alawi, W.,
2011. Antibiotic resistant bacteria as bio-indicator of polluted effluent in the
green turtles, Chelonia mydas in Oman. Mar. Environ. Res. 71, 139e144.

Al-Bahry, S.N., Al-Zadjali, M.A., Mahmoud, I.Y., Elshafie, A.E., 2012. Biomonitoring
marine habitats in reference to antibiotic resistant bacteria and ampicillin
resistance determinants from oviductal fluid of the nesting green sea turtle,
Chelonia mydas. Chemosphere 87, 1308e1315.

Alduina, R., Gambino, D., Presentato, A., Gentile, A., Sucato, A., Savoca, D.,
Filippello, S., Visconti, G., Caracappa, G., Vicari, D., Arculeo, M., 2020. Is Caretta
caretta a carrier of antibiotic resistance in the Mediterranean Sea? Antibiot 9,
116.

Blasi, M.F., Migliore, L., Mattei, D., Rotini, A., Thaller, M.C., Alduina, R., 2020. Anti-
biotic resistance of gram-negative bacteria from wild captured loggerhead sea
turtles. Antibiotics 9, 162.

Cabello, F.C., 2006. Heavy use of prophylactic antibiotics in aquaculture: a growing
problem for human and animal health and for the environment. Environ.
Microbiol. 8, 1137e1144.

Chee-Sanford, J.C., Aminov, R.I., Krapac, I.J., Jeanjean, N.G., Mackie, R.I., 2001.
Occurrence and diversity of tetracycline resistance genes in lagoons and
groundwater underlying two swine production facilities. Appl. Environ.
Microbiol. 67, 1494e1502.

Chen, J., Li, J., Zhang, H., Shi, W., Liu, Y., 2019. Bacterial heavy-metal and antibiotic
resistance genes in a copper tailing dam area in northern China. Front. Micro-
biol. 10, 1916.

Cheng, I.J., 2000. Post-nesting migrations of green turtles (Chelonia mydas) at wan-
an island, penghu archipelago, taiwan. Mar. Biol. 137, 747e754.

Cheng, I.J., Cheng, W.H., Chan, Y.T., 2018. Geographically closed, yet so different:
contrasting long-term trends at two adjacent sea turtle nesting populations in
Taiwan due to different anthropogenic effects. PloS One 13 (7), e0200063.

Cheng, I.J., Wang, H.Y., Hsieh, W.Y., Chan, Y.T., 2019a. Twenty-three years of sea
turtle stranding/bycatch research in Taiwan. Zool. Stud. 58, 44.

Cheng, W.H., Chan, Y.T., Hong, H., Cheng, I.J., 2019b. Using programming languages
and geographic information system to determine spatial and temporal vari-
ability in a green turtle foraging population on liuchiu island, taiwan. Zool. Stud.
58, 18.

Chuen-Im, T., Areekijseree, M., Chongthammakun, S., Graham, S.V., 2010. Aerobic
bacterial infections in captive juvenile green (Chelonia mydas) and hawksbill
(Eretmochelys imbricata) sea turtles from Thailand. Chelonian Conserv. Biol. 9,
135e142.

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

CLSI, 2016. Performance Standards for Antimicrobial Susceptibility Testing, 26th ed.
CLSI supplement M100S. Clinical and Laboratory Standards Institute, Wayne.

Delli Paoli Carini, A., Ariel, E., Picard, J., Elliott, L., 2017. Antibiotic resistant bacterial
isolates from captive green turtles and in vitro sensitivity to bacteriophages.
Internet J. Microbiol. 5798161.

Fichi, G., Cardeti, G., Cersini, A., Mancusi, C., Guarducci, M., Di Guardo, G.,
Terracciano, G., 2016. Bacterial and viral pathogens detected in sea turtles
stranded along the coast of Tuscany. Italy. Vet. Microbiol. 185, 56e61.

Foti, M., Giacopello, C., Bottari, T., Fisichella, V., Rinaldo, D., Mamminac, C., 2009.
Antibiotic resistance of Gram negatives isolates from loggerhead sea turtles
7

(Caretta caretta) in the central Mediterranean Sea. Mar. Pollut. Bull. 58,
1363e1366.

Frazzon, A.P.J., 2016. Antibiotic resistant bacteria in free-living marine species. Vet.
Rec. 179, 648e649.

Galgani, F., Claro, F., Depledge, M., Fossi, C., 2014. Monitoring the impact of litter in
large vertebrates in the Mediterranean Sea within the European marine strat-
egy framework directive (MSFD): constraints, specificities and recommenda-
tions. Mar. Environ. Res. 100, 3e9.

Godoy, D.A., Stockin, K.A., 2018. Anthropogenic impacts on green turtles Chelonia
mydas in New Zealand. Endanger. Species Res. 37, 1e9.

Gorovtsov, A.V., Sazykin, I.S., Sazykina, M.A., 2018. The influence of heavy metals,
polyaromatic hydrocarbons, and polychlorinated biphenyls pollution on the
development of antibiotic resistance in soils. Environ. Sci. Pollut. Res. 25 (10),
9283e9292.

Gullberg, E., Cao, S., Berg, O.G., Ilback, C., Sandegren, L., Hughes, D., Andersson, D.I.,
2011. Selection of resistant bacteria at very low antibiotic. PLoS Pathog. 7,
e1002158.

Guthrie, A., George, J., deMaar, T.W., 2010. Bilateral chronic shoulder infections in an
adult green sea turtle (Chelonia mydas). J. Herpetol. Med. Surg. 20, 105e108.

Haldar, S., Neogi, S.B., Kogure, K., Chatterjee, S., Chowdhury, N., Hinenoya, A.,
Asakura, M., Yamasaki, S., 2010. Development of a haemolysin gene-based
multiplex PCR for simultaneous detection of Vibrio campbellii, Vibrio harveyi
and Vibrio parahaemolyticus. Lett. Appl. Microbiol. 50, 146e152.

Hamann, M., Godfrey, M.H., Seminoff, J.A., Arthur, K., Barata, P.C.R., Bjorndal, K.A.,
Bolten, A.B., Broderick, A.C., Campbell, L.M., Carreras, C., Casale, P.,
Chaloupka, M., Chan, S.K.F., Coyne, M.S., Crowder, L.B., Diez, C.E., Dutton, P.H.,
Epperly, S.P., FitzSimmons, N.N., Formia, A., Girondot, M., Hays, G.C., Cheng, I.J.,
Kaska, Y., Lewison, R., Mortimer, J.A., Nichols, W.J., Reina, R.D., Shanker, K.,
Spotila, J.R., Tom�as, J., Wallace, B.P., Work, T.M., Zbinden, J., Godley, B.J., 2010.
Global research priorities for sea turtles: informing management and conser-
vation in the 21st century. Endanger. Species Res. 11, 245e269.

Huijbers, P.M., Larsson, D.J., Flach, C.-F., 2020. Surveillance of antibiotic resistant
Escherichia coli in human populations through urban wastewater in ten Eu-
ropean countries. Environ. Pollut. 261, 114200.

Igbinosa, I.H., Igumbor, E.U., Aghdasi, F., Tom, M., Okoh, A.I., 2012. Emerging Aero-
monas species infections and their significance in public health. Sci. World J.
2012, 625023.

Innis, C.J., Braverman, H., Cavin, J.M., Ceresia, M.L., Baden, L.R., Kuhn, D.M., Frasca, S.,
McGowan, J.P., Hirokawa, K., Weber, E.S., Stacy, B., Merigo, C., 2014. Diagnosis
and management of Enterococcus spp. infections during rehabilitation of cold
stunned Kemp’s ridley turtles (Lepidochelys kempii): 50 cases (2006-2012).
J. Am. Vet. Med. Assoc. 245 (3), 315e323.

IUCN, 2016. The IUCN Red List of Threatened Species. http://www.iucnredlist.org/.
Jones, K., Ariel, E., Burgess, G., Read, M., 2016. A review of fibropapillomatosis in

green turtles (Chelonia mydas). Vet. J. 212, 48e57.
Kummerer, K., 2009. Antibiotics in the aquatic environment e a review e Part I.

Chemosphere 75, 417e434.
Kuo, F.W., Fan, T.Y., Ng, C.K.Y., Cai, Y., Balazs, G.H., Li, T.H., 2017. Tale of the unlucky

tags: the story of a rescued, rehabilitated, and released green sea turtle (Che-
lonia mydas) in southern Taiwan. Bull. Mar. Sci. 93 (3), 689e690.

Li, T.H., Cai, Y.R., Wu, P.Y., Ng, C.K.Y., Balazs, G.H., 2020. Lesson to learn from an
endangered green turtle (Chelonia mydas): marine debris ingestion, rehabili-
tation and satellite tracking. Indian J. Anim. Res. https://doi.org/10.18805/ijar.B-
1246.

Limpus, C.J., Couper, P.J., Read, M.A., 1994. The green turtle, Chelonia mydas, in
Queensland: population structure in a warm temperate feeding area. Memoir.
Queensl. Mus. 35, 139.

Marinho, C., Silva, N., Pombo, S., Santos, T., Monteiro, R., Goncalves, A., Micael, J.,
Rodrigues, P., Costa, A.C., Igrejas, G., Poeta, P., 2013. Echinoderms from Azores
islands: an unexpected source of antibiotic resistant Enterococcus spp. and
Escherichia coli isolates. Mar. Pollut. Bull. 69, 122e127.

Meena, B., Anburajan, L., Sathish, T., Raghavan, R.V., Jha, D.K., Venkateshwaran, P.,
Das, A.K., Dheenan, P.S., Vinithkumar, N.V., Dharani, G., Kirubagaran, R., 2015.
Enterococcus species diversity and molecular characterization of biomarker
genes in Enterococcus faecalis in Port Blair Bay, Andaman and Nicobar Islands,
India. Mar. Pollut. Bull. 94, 217e227.

Musick, J.A., Limpus, C., 1997. Habitat utilization and migration in juvenile sea
turtles. In: Lutz, P.L., Musick, J.A. (Eds.), The Biology of Sea Turtles, vol. 1. CRC
Press, USA, pp. 137e163.

Ng, C.K.Y., Matsuzawa, Y., 2020. Sea Turtles in the East Asia Region. MTSG Annual
Regional Report, 2020.

Ng, C.K.Y., Gu, H.X., Li, T.H., Ye, M.B., Xia, Z.R., Zhang, F.Y., Duan, J.X., Hsu, C.K.,
Balazs, G.H., Murphy, N.B., 2018a. Insights into identifying habitat hot spots and
migratory corridors of green turtles in the South China region. Aquat. Conserv.
28 (5), 1181e1191.

Ng, C.K.Y., Lam, J.C.W., Zhang, X.H., Gu, H.X., Li, T.H., Ye, M.B., Xia, Z.R., Zhang, F.Y.,
Duan, J.X., Wang, W.X., Lam, I.K.S., Balazs, G.H., Lam, P.K.S., Murphy, M.B., 2018b.
Levels of trace elements, methylmercury and polybrominated diphenyl ethers
in foraging green turtles in the South China region and their conservation
implications. Environ. Pollut. 234, 735e742.

Or�os, J., Calabuig, P., D�eniz, S., 2004. Digestive pathology of sea turtles stranded in
the Canary Islands between 1993 and 2001. Vet. Rec. 155, 169e174.

Or�os, J., Torrent, A., Calabuig, P., D�eniz, S., 2005. Diseases and causes of mortality
among sea turtles stranded in the Canary Islands, Spain (1998-2001). Dis.
Aquat. Org. 63, 13e24.

http://refhub.elsevier.com/S0269-7491(21)00452-8/sref1
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref1
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref1
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref2
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref2
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref2
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref2
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref3
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref3
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref3
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref3
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref3
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref4
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref4
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref4
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref4
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref4
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref5
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref5
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref5
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref5
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref6
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref6
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref6
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref6
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref6
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref7
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref7
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref7
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref7
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref8
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref8
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref8
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref9
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref9
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref9
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref9
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref10
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref10
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref10
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref10
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref10
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref11
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref11
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref11
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref12
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref12
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref12
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref13
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref13
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref13
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref14
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref14
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref15
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref15
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref15
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref15
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref16
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref16
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref16
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref16
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref16
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref17
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref17
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref17
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref18
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref18
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref19
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref19
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref19
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref20
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref20
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref20
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref20
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref21
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref21
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref21
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref21
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref21
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref22
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref22
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref22
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref23
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref23
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref23
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref23
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref23
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref24
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref24
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref24
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref25
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref25
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref25
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref25
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref25
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref26
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref26
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref26
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref27
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref27
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref27
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref28
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref28
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref28
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref28
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref28
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref29
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref29
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref29
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref29
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref29
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref29
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref29
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref29
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref29
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref29
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref30
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref30
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref30
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref31
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref31
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref31
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref32
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref32
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref32
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref32
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref32
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref32
http://www.iucnredlist.org/
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref34
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref34
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref34
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref35
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref35
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref35
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref35
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref35
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref36
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref36
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref36
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref36
https://doi.org/10.18805/ijar.B-1246
https://doi.org/10.18805/ijar.B-1246
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref38
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref38
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref38
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref39
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref39
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref39
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref39
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref39
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref40
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref40
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref40
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref40
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref40
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref40
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref41
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref41
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref41
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref41
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref42
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref42
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref43
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref43
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref43
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref43
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref43
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref44
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref44
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref44
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref44
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref44
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref45
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref45
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref45
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref45
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref45
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref46
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref46
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref46
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref46
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref46
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref46


M.-A. Tsai, C.-C. Chang and T.-H. Li Environmental Pollution 277 (2021) 116870
Pace, A., Meomartino, L., Affuso, A., Mennonna, G., Hochscheid, S., Dipineto, L., 2018.
Aeromonas induced polyostotic osteomyelitis in a juvenile loggerhead sea
turtle Caretta caretta. Dis. Aquat. Org. 132, 79e84.

Pace, A., Dipineto, L., Fioretti, A., Hochscheid, S., 2019. Loggerhead sea turtles as
sentinels in the western Mediterranean: antibiotic resistance and environment-
related modifications of Gram-negative bacteria. Mar. Pollut. Bull. 149, 110575.

Palm, G.J., Lederer, T., Orth, P., Saenger, W., Takahashi, M., Hillen, W., Hinrichs, W.,
2008. Specific binding of divalent metal ions to tetracycline and to the Tet
repressor/tetracycline complex. JBIC J. Biol. Inorg. Chem. 13, 1097e1110.

Perrault, J.R., Stacy, N.I., Lehner, A.F., Mott, C.R., Hirsch, S., Gorham, J.C.,
Buchweitz, J.P., Bresette, M.J., Walsh, C.J., 2017. Potential effects of brevetoxins
and toxic elements on various health variables in Kemp’s ridley (Lepidochelys
kempii) and green (Chelonia mydas) sea turtles after a red tide bloom event. Sci.
Total Environ. 605e606, 967e979.

Pinera-Pasquino, L., 2006. Patterns of antibiotic resistance in bacteria isolated from
marine turtles. (Master Thesis).

Prichula, J., Pereira, R.I., Wachholz, G.R., Cardoso, L.A., Tolfo, N.C.C., Santestevan, N.A.,
Medeiros, A.W., Tavares, M., Frazzon, J., d’Azevedo, P.A., Frazzon, A.P., 2016.
Resistance to antimicrobial agents among enterococci isolated from fecal
samples of wild marine species in the southern coast of Brazil. Mar. Pollut. Bull.
105 (1), 51e57.

Rees, A.F., Alfaro-Shigueto, J., Barata, P.C.R., Bjorndal, K.A., Bolten, A.B., Bourjea, J.,
Broderick, A.C., Campbell, L.M., Cardona, L., Carreras, C., Casale, P., Ceriani, S.A.,
Dutton, P.H., Eguchi, T., Formia, A., Fuentes, M.M.P.B., Fuller, W.J., Girondot, M.,
Godfrey, M.H., Hamann, M., Hart, K.M., Hays, G.C., Hochsheid, S., Kaska, Y.,
Jensen, M.P., Mangel, J.C., Mortimer, J.A., Naro-Maciel, E., Ng, C.K.Y., Nichols, W.J.,
Phillott, A.D., Reina, R.D., Revuelta, O., Schofield, G., Seminoff, J.A., Shanker, K.,
Tom�as, J., van de Merwe, J.P., Van Houtan, K.S., Vander Zanden, H.B.,
Wallace, B.P., Wedemeyer-Strombel, K.R., Work, T.M., Godley, B.J., 2016. Are we
8

working towards global research priorities for management and conservation
of sea turtles? Endanger. Species Res. 31, 337e382.

Rice, E.W., Messer, J.W., Johnson, C.H., Reasoner, D.J., 1995. Occurrence of high-level
aminoglycoside resistance in environmental isolates of enterococci. Appl. En-
viron. Microbiol. 61, 374e376.

Santoro, M., Hern�andez, G., Caballero, M., 2006. Aerobic bacterial flora of nesting
green turtles (Chelonia mydas) from Tortuguero National Park, Costa Rica. J. Zoo
Wildl. Med. 37, 549e552.

Suzuki, S., Pruden, A., Virta, M., Zhang, T., 2017. Editorial: antibiotic resistance in
aquatic systems. Front. Microbiol. 8, 14.

Tsai, M.A., Chang, C.C., Li, T.H., 2019. Multiple-antibiotic resistance of Enterococcus
faecalis in an endangered olive ridley sea turtle (Lepidochelys olivacea): a case
report. Indian J. Anim. Res. https://doi.org/10.18805/ijar.B-1064.

Wiles, M., Rand, T.G., 1987. Integumental ulcerative disease in a loggerhead turtle,
Caretta caretta, at the Bermuda Aquarium: microbiology and histopathology.
Dis. Aquat. Org. 3, 85e90.

Work, T.M., Balazs, G.H., Wolcott, M., Morris, R., 2003. Bacteraemia in free-ranging
Hawaiian green turtles Chelonia mydas with fibropapillomatosis. Dis. Aquat.
Org. 53, 41e46.

Yamaguchi, A., Udagawa, T., Sawai, T., 1990. Transport of divalent cations with
tetracycline as mediated by the transposon Tn10-encoded tetracycline resis-
tance protein. J. Biol. Chem. 265, 4809e4813.

Zavala-Norzagaray, A.A., Aguirre, A.A., Velazquez-Roman, J., Flores-Villase~nor, H.,
Le�on-Sicairos, N., Ley-Qui~nonez, C.P., Hern�andez-Díaz, L.D.J., Canizalez-
Roman, A., 2015. Isolation, characterization, andantibiotic resistance of Vibrio
spp. in sea turtles from Northwestern Mexico. Front. Microbiol. 6, 635. https://
doi.org/10.3389/fmicb.2015.00635.

Zhang, X.X., Zhang, T., Fang, H.H.P., 2009. Antibiotic resistance genes in water
environment. Appl. Microbiol. Biotechnol. 82, 397e414.

http://refhub.elsevier.com/S0269-7491(21)00452-8/sref47
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref47
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref47
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref47
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref48
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref48
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref48
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref49
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref49
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref49
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref49
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref49
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref50
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref50
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref50
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref50
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref50
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref50
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref50
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref52
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref52
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref52
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref52
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref52
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref52
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref53
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref53
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref53
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref53
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref53
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref53
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref53
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref53
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref53
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref53
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref53
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref53
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref54
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref54
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref54
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref54
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref55
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref55
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref55
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref55
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref55
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref56
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref56
https://doi.org/10.18805/ijar.B-1064
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref58
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref58
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref58
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref58
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref59
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref59
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref59
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref59
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref60
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref60
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref60
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref60
https://doi.org/10.3389/fmicb.2015.00635
https://doi.org/10.3389/fmicb.2015.00635
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref62
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref62
http://refhub.elsevier.com/S0269-7491(21)00452-8/sref62

	Antimicrobial-resistance profiles of gram-negative bacteria isolated from green turtles (Chelonia mydas) in Taiwan
	1. Introduction
	2. Materials and methods
	2.1. Sample collection
	2.2. Isolation and identification of bacterial species from green turtles
	2.3. Determination of antimicrobial resistance

	3. Results
	3.1. Bacterial isolation
	3.2. Profiles of antimicrobial resistance among bacterial isolates

	4. Discussion
	5. Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgments
	References


