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Abstract: There is little information available on antibiotic resistance (ABR) within shrimp aquaculture
environments. The aim of this study was to investigate the presence of antibiotic resistance genes
(ARGS) in shrimp farming operations in Atacames, Ecuador. Water samples (n = 162) and shrimp
samples (n = 54) were collected from three shrimp farming operations. Samples were cultured
and a subset of isolates that grew in the presence of ceftriaxone, a third-generation cephalosporin,
were analyzed using whole-genome sequencing (WGS). Among the sequenced isolates (n = 44),
73% of the isolates contained at least one ARG and the average number of ARGs per isolate was
two, with a median of 3.5 ARGs. Antibiotic resistance genes that confer resistance to the 3-lactam
class of antibiotics were observed in 65% of the sequenced isolates from water (20/31) and 54% of the
isolates from shrimp (7/13). We identified 61 different ARGs across the 44 sequenced isolates, which
conferred resistance to nine antibiotic classes. Over half of all sequenced isolates (59%, n = 26) carried
ARGs that confer resistance to more than one class of antibiotics. ARGs for certain antibiotic classes
were more common, including beta-lactams (26 ARGs); aminoglycosides (11 ARGs); chloramphenicol
(three ARGs); and trimethoprim (four ARGs). Sequenced isolates consisted of a diverse array of
bacterial orders and species, including Escherichia coli (48%), Klebsiella pneumoniae (7%), Aeromonadales
(7%), Pseudomonadales (16%), Enterobacter cloacae (2%), and Citrobacter freundii (2%). Many ARGs were
shared across diverse species, underscoring the risk of horizontal gene transfer in these environments.
This study indicated the widespread presence of extended-spectrum (-lactamase (ESBL) genes in
shrimp aquaculture, including blactx-m, blasgy, and blatgy genes. Increased antibiotic resistance
surveillance of shrimp farms and identification of aquaculture operation-level risk factors, such as
antibiotic use, will likely be important for mitigating the spread of ARGs of clinical significance.

Keywords: shrimp; AMR; aquaculture; ceftriaxone antibiotic resistance; 3GCR; multi-drug resistance;
E. coli; genomic analysis; public health

1. Introduction

Antibiotic resistance (ABR) represents a serious global threat with far-reaching eco-
nomic and public health consequences [1]. A recent study estimated that 1.27 million deaths
are attributed to ABR across the globe, and most of these occur in low- and middle-income
countries [2]. To date, most research on ABR has focused on healthcare facilities, which are
a critical element to the ABR crisis. A growing body of research, however, is highlighting
the ways that exposures outside of healthcare facilities may also contribute to ABR.

Overuse of antibiotics in the farmed shrimp sector is a significant yet critically un-
derstudied area [3-5], with most research focused on South Asia [6,7] and East Asia [8,9].
Within the global seafood market, shrimp are a leading commodity, with an increasing
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proportion of their production stemming from intensive farming, which utilizes high
stocking densities, manufactured feeds, and is associated with an increased risk of disease
susceptibility [3,10]. The spread of ABR through aquatic environments is of particular
concern because shrimp farms receive a variety of anthropogenic inputs such as human
and livestock wastewater and stormwater runoff which can assist in the dissemination of
ABR [11]. Shrimp aquaculture sites also foster new routes for human exposure to ABR via
handling and consumption of contaminated shrimp; recreation in waters affected by the
effluent from shrimp farms; occupational exposures; irrigation of nearby food crops with
effluent from shrimp farms; and contamination of drinking water [12]. The global export of
shrimp contaminated with drug-resistant bacteria and antibiotic resistance genes (ARGs)
likely facilitates the dissemination of ABR [13,14].

According to the Food and Agricultural Organization of the United Nations, in 2022,
Ecuador was the world’s leading producer of farmed shrimp, having harvested 1.3 million tons
of shrimp that year, surpassing its previous production quantity in 2021 by 28.9 percent [15].
In the Western Hemisphere, Ecuador contributes 63.8% of the production of white-leg shrimp
(Litopenaeus vannamei) [16]. The province of Esmeraldas, located on Ecuador’s northwestern
coast, is a major producer of farmed shrimp, as its topography includes many bays, island
archipelagos, and extensive mangrove forests.

The extent and magnitude of aquaculture’s contribution to the overall burden of ABR
is poorly understood [6]. Recent studies in India, China, and Singapore have provided
evidence that shrimp aquaculture environments can act as reservoirs of multi-drug-resistant
Escherichia coli [6,8,17], yet very little data are available, particularly within the South
American context [18-20]. Outside of the US and EU, only nine countries routinely publish
national reports on antibiotic use and resistance, and there are no universally accepted
policies governing the use of antibiotics in aquaculture systems [21].

Ecuador is a top producer of farmed shrimp [22]. There are approximately 2712 shrimp
farms consisting of 1738 square kilometers in the Ecuadorian coastal provinces, El Oro,
Esmeraldas, Guayas, Manabi, and Santa Elena [22]. Some research suggests that antibi-
otics are not used in Ecuadorian shrimp aquaculture [23] for biosafety reasons and due
to environmental legislation, yet in 2024, the Ministerio de Produccion Comercio Exterior,
Inverssiones y Pesca still lists several classes of antibiotics as acceptable for use in aqua-
culture, including tetracyclines and amphenicols [24]. Another factor potentially affecting
antibiotic resistance in Ecuadorian aquaculture is the general lack of wastewater collection
and treatment in the country, which can affect surface water quality and lead to antibiotics
and ABR in aquaculture systems [25].

In 2024, the World Health Organization (WHO) released an updated List of Medically
Important Antimicrobials as a guide for international antimicrobial stewardship [26]. This
new categorization of antimicrobials advocates for a One Health perspective, recognizing
that when categorizing the importance of antimicrobial agents, greater significance should
be placed on antimicrobials used in animal production settings that can be transmitted to
humans, as these cases present important opportunities for improved risk management
strategies for antimicrobials in the animal sector [26]. Currently, there are no studies in
Ecuador, to our knowledge, that have measured shrimp aquaculture as a potential reservoir
of clinically important antibiotic-resistant bacterial species. This study highlights the
importance of the shrimp farming environment as a potential site where ARG transfer may
occur among a diverse array of clinically important bacterial species.

2. Results
2.1. Prevalence of Escherichia coli

In total, 216 samples were collected from three distinct shrimp farming operations in
Atacames, Ecuador, designated as farms A, B, and C (Figure 1). These samples included
162 water samples from different shrimp farm sources: influent (n = 54), effluent (n = 54),
and shrimp ponds (1 = 54), as well as 54 shrimp samples taken at weekly intervals.



Antibiotics 2024, 13, 825 3of16

Esri, Tot , Garmin,
, NQAA, USGS

Quito

ECUADOR

Legend

Sampling Locations
(AB,C)

Shrimp Farm Ponds

4

Figure 1. Study sampling locations in Atacames, Ecuador, located in the northwestern province of
Esmeraldas. Three sampling locations were included that all connect to the Atacames River.

We calculated E. coli colony-forming units (CFUs) for 81 water samples (cultured
without ceftriaxone) where the number of CFUs could be observed and counted, in order
to assess fecal indicator loads (Table 1). Mean E. coli colony-forming units per 10 mL
(EC cfu/10 mL) ranged from 27.8 (Farm A influent) to 66.3 (Farm A effluent). Median EC
cfu/10 mL ranged from 7 (Farm A influent) to 77 (Farm A effluent). In every farm, the
mean and median EC cfu/10 mL increased between where the water entered the shrimp
farm (i.e., influent) and where the water left the shrimp farm (i.e., effluent).

Table 1. Summary of water quality results indicating E. coli CFU counts and percentage of samples
positive for growth in the presence of ceftriaxone across all sampling locations.

Percent of Samples with

Sample Location Sample Type Nsuanl;l;elzsf C%e?;fllgogm Chélsti(?;libcgli) Bacterial Growfh in
Presence of Ceftriaxone

A—Influent Water 18 27.8 7 100%
A—Effluent Water 18 66.3 77 100%

A—Shrimp pond Water 18 41.4 25 100%
B—Influent Water 18 44 43 100%
B—Effluent Water 18 54.8 56 100%

B—Shrimp pond Water 18 48 61 100%
C—Influent Water 18 394 20 89%
C—Effluent Water 18 47.6 49 100%

C—Shrimp pond Water 18 62.6 60 100%
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For 106 samples (79/162 water samples and 27 /54 shrimp samples), the antibiotic
ceftriaxone was added to the culture media to select for bacterial isolates that grew in the
presence of this third-generation cephalosporin (3GC). Nearly all of the water samples
showed bacterial growth in the test kit bags with the ceftriaxone supplement added
(Tables 1 and 2).

Table 2. Summary of shrimp intestines results indicating the percentage of samples positive for
bacterial growth in the presence of ceftriaxone across all sampling locations.

Percent of Samples with Bacterial

Sample Location Sample Type Number of Samples Growth in Presence of Ceftriaxone
A Shrimp intestines 18 67%
B Shrimp intestines 18 78%
C Shrimp intestines 18 67%

We also sampled shrimp from each shrimp farm on a weekly basis during a three-
week period in June 2023 (Table 2). Among shrimp gut rinse samples cultured in the
presence of ceftriaxone, 67% to 78% of the samples showed growth in the presence of
this 3GC. Shrimp Farm A showed 67% of samples positive for ceftriaxone-resistant bac-
teria, Shrimp Farm B showed 78% of samples positive for ceftriaxone-resistant bacteria,
and Shrimp Farm C showed 67% of samples positive for ceftriaxone-resistant bacteria
(Table 2).

2.2. Antibiotic Resistance Genes

Whole-genome sequencing (WGS) was conducted from a random subset of bacterial
isolates (n = 44) that grew in the presence of ceftriaxone. Bacterial isolates were selected
from water (n = 31) and shrimp samples (n = 13) for WGS. Among the 44 isolates
sequenced, the average number of ARGs per isolate was two genes, with a median of
3.5 ARGs.

Sequencing revealed that many ARGs were shared between diverse bacterial species
from the water and shrimp samples. ARGs that confer resistance to the beta-lactam class
of antibiotics (ampH, cphA, blaact, and ESBL genes such as blacvp, blacwmy, blactx, blaoxa.,
blappo, blasgp, blasyy, blatey, additional details below) were observed in 65% (n = 20) of
the isolates from water and 54% (n = 7) of the isolates from shrimp. ARGs that confer
resistance to the following antibiotic classes were common: (1) macrolide genes (mdf A and
mphA) were observed in 55% (n = 17) of water isolates and 38% (1 = 5) of shrimp isolates;
(2) tetracycline genes (tetA, tetB) were observed in 11% (n = 11) of water isolates and 13%
(n = 1) of shrimp isolates; (3) aminoglycoside genes (aac, aad, ant, aph) were observed in 31%
(n = 10) of water isolates and 8% (n = 1) of shrimp isolates; (4) fosfomycin gene (fosA) was
observed in 23% (n = 7) of water isolates and 8% (1 = 1) of shrimp isolates; (5) quinolone
genes (0gxA, 0qxB, qnrB, qnrS) were observed in 13% (n = 3) of water isolates and 23%
(n = 4) of shrimp isolates. ARGs that confer resistance to the following classes were only
seen in water isolates: (1) chloramphenicol genes were found in 26% (n = 8) of water
isolates; (2) sulfonamide genes (catB, cmlA, floR) were found in 26% (n = 8) of water isolates;
(3) the trimethoprim gene (dfrA) was present in 10% (n = 3) of water isolates. Over half of
all the isolates (59%, n = 26) carried ARGs that confer resistance to more than one class of
antibiotics (Figure 2).
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Figure 2. Prevalence of antibiotic resistance genes by antibiotic class for isolates detected in water
samples (n = 31 isolates) and shrimp samples (n = 13 isolates) in shrimp farms.

2.3. Bacterial Species

A wide array of bacterial species was also present in the sequence isolates (Figure 3),
although the Aquagenx® water quality test kits used in this study were designed for selec-
tively culturing E. coli. Within the bacterial genomes sequenced, four species fell within the
order Enterobacterales: Escherichia coli (48%), Klebsiella pneumoniae (7%), Enterobacter cloacae
(2%), and Citrobacter freundii (2%). The orders Pseudomonadales: Pseudomonas putida (11%),
Pseudomonas aeruginosa (5%), and Aeromonadales (7%) were the other Gammaproteobacteria
found. In eight (18%) of the bacterial sequences, the species were unidentified.

@® Aeromonas spp. (n=3)

@ Citrobacter freundii (n=1)

@ Other (n=8) Enterobacter cloacae (n=1)

@© Pseudonomas putida (n=5)

@® Pseudomonas aeruginosa (n=2)
@ Escherichia coli (n=21)

Klebsiella pneumoniae (n=3)

Figure 3. Bacterial species identified in water (n = 31) and shrimp samples (7 = 13) from shrimp
aquaculture farms in Ecuador.
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A large number of ARGs were identified among the isolates sequenced (Figure 4).
Overall, we found 61 different antibiotic resistance genes across the 44 sequenced isolates
(see Supplementary Materials). The 61 ARGs identified in the isolates confer resistance
to nine antibiotic classes. ARGs for certain antibiotic classes were more common, includ-
ing beta-lactams (26 ARGs); aminoglycosides (11 ARGs); chloramphenicol (three ARGs);
trimethoprim (four ARGs); fosfomycin (six ARGs); macrolides (two ARGs); quinolones (five
ARGs); sulfonamides (two ARGs); and tetracyclines (three ARGs). The most prevalent ARG
was mdf A, conferring resistance to macrolide-lincosamide—streptogramin B antibiotics, and
it was detected across 26 isolates. Other ARGs with notable frequencies included tetA genes
(n = 6). Twenty-six different genes associated with beta-lactam antibiotic resistance were
seen across the sequenced isolates. A high number of isolates (n = 18) harbored blactx.m
genes, and many of those (n = 11) were the blactx-Mm-g gene. Additionally, the ogxB and ogxA
genes (n = 6 each) were found and are related to reduced fluoroquinolone susceptibility
and resistance to multiple antibiotics.
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Figure 4. Type (y-axis) and number (x-axis) of antibiotic resistance genes (ARGs) among sequenced
isolates (n = 44).
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The MOB-suite [27,28] plasmid reconstruction and typing tool was utilized, and we
found that 16 of our 44 sequences (36%) contained plasmids that carried a total of nine
ESBL genes, consisting of different allelic variants of blactx-m, blacmy, blaoxa, and blatpy.

Many of the ARGs identified were found in multiple bacterial species (Figure 5). For
example, the E. coli species shared ARGs across different species, including Klebsiella pneu-
moniae, Enterobacter cloacae, and Pseudomonas putida. The mdf A gene was identified across
two species: P. putida and E. coli. In looking at the ARGs shared between K. pneumoniae
and E. coli, we observed potential pathways for cross-species gene transfer of ceftriaxone
resistance genes, such as the blatgp-1g and blactx-m-15, as well as a range of genes conferring
resistance to aminioglycosides (aph*), macrolides (mphA), sulfonamides (sul*), tetracyclines
(tetA), and trimethoprim (dfrA). Eight isolates, where the species could not be identified,
were excluded from Figure 5.

ampH_1

ampH_2 Aeromonas
blacMY-8b_1 | spp. (n=3)
cphAl_1
Pseudomonas cphA2_6 aacg?)"l';‘—l L
G aac -1D-Cr.
putida (n=5) aadA2_1
ant(3")-la_1
aph(3)-la_1
blaSED1_1 E:zgﬁ:iof
ARl blaSHV-106_1
Pseudomonas mdf(A)_1 | aadAS_1 aph(6)-1d_1 e e
aeruginosa aph(3")-1b_2 blaCTX-M-15_1 blaSHV-27_1
(n=2) aph(3)-lla_2 bt cmIALL
blaACT-6_1 dign il 3 dfrA12_8
aph(@)-llb_2 blaCMY-2_1 mph(A)_2 dftA7 5
b blaCTX-M-130_1 sull_5 fosA6_1
blaOXA-486_1 SREI L smi‘ze fosA_6
e blaCTX-M-55_1 tet(A)_ gniBL_1
i blaCTX-M-8_1
i blaTEM-141_1
Py dfrA17_1
= floR_2 s
fosA_1 Klebsiella
qnrsi_1 pneumoniae
tet(B)_1 blaCMH-3_1 (n=3)
Citrobacter SRS fosh 7
freundii | blacmY-98_1
(n=1) qnrB69_1 Escherichia Enterobacter

coli (n=21) cloacae (n=1)

Figure 5. Venn diagram showing ARGs identified among different bacterial species from
shrimp farms.

2.4. Genotypes of Escherichia coli

Multilocus sequence typing (MLST) analyses revealed a diverse set of sequence
types among the various species identified. Among the 21 E. coli isolates, we identified
12 sequence types: ST117, ST48, ST641, ST120, ST1204, ST155, ST2705, ST351, ST3580, ST48,
ST6018, ST6186, ST641, and ST8612, in addition to one novel, unclassified sequence type.
Of these, the first three STs have been identified previously as extraintestinal pathogenic
E. coli (see Section 3).

Among the three K. pneumoniae isolates, we identified three sequence types: ST15,
ST1310, and ST661. Out of these, ST15 has been previously associated with disease. Among
the P. aeruginosa isolates, we identified two sequence types: ST2629 and ST1414, neither
of which have been described in infections. Finally, for P. putida, ST3 and an unknown ST
were found.

3. Discussion

Our investigation of antibiotic-resistant bacteria within the shrimp aquaculture en-
vironment of Ecuador found that most water and shrimp samples were positive for
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ceftriaxone-resistant bacteria. The presence of such 3GCR bacteria identified in the water
samples of the shrimp farm influent suggest that fecal contamination upstream of the
farms may be an important source of these organisms (i.e., they are not coming solely
from shrimp farming), which highlights the need for cleaner source water and likely more
wastewater collection and treatment. Within the shrimp farms, a range of bacterial species
shared diverse ARGs. These findings highlight the potential for antibiotic-resistant genes
to transfer between diverse bacterial orders. The finding of ARGs being shared across a
broad range of species suggests that using indicator bacteria only (e.g., E. coli) may not
capture the diversity of resistance genes present in an ecosystem. In this study, however,
we did observe that E. coli was common in all of the samples, and they shared ARGs with
five different species of bacteria, which may indicate that it is an adequate indicator species
for aquaculture environments. Alternatively, the Aquagenx® water quality test kits were
designed to enrich for E. coli, which increased the probability that we identified E. coli in
our samples. Although many of the bacteria detected in this study may not be pathogenic,
the majority of the isolates identified carried important ARGs that can potentially be trans-
mitted horizontally to pathogens either in human intestines or outside the host. While
this study did not conduct phenotypic validation of these resistance genes (due to a lack
of funding), their presence nonetheless poses serious implications for the spread of ABR
across the food chain. Bacterial isolates from both shrimp and water carried ARGs that can
confer resistance to over nine antibiotic classes, many of which fall under the WHO’s “List
of Medically Important Antimicrobials”, which pose serious concern for human health [26].

Our study highlighted the presence of ARGs that confer resistance to WHO’s Highest
priority critically important antimicrobials, which are compounds authorized for treatment
of infections in both animals and humans [26]. Among the isolates that were sequenced
from our samples of water and shrimp, beta-lactam resistance genes were commonly
found, including 54% (n = 20) of the isolates from water and 65% (1 = 5) of the isolates
from shrimp. This includes the resistance to third-generation cephalosporins with the
presence of blactx-m, blaspy, blaoxa, and blatgy genes. The treatment of infections can be
complicated if these ARGs are present in the isolates causing the infection. Our study also
found blapxa-486, @ gene that confers resistance to carbapenems, a last-line antibiotic for
treating serious infections in hospitals. A limitation of this study was the lack of phenotypic
testing; focusing only on the presence of antibiotic resistance genes, as this study did, may
result in false-positive predictions of phenotypic resistance. Thus, future studies should
include antibiotic susceptibility testing.

The sharing of ARGs across diverse species was an important finding, highlighting
the potential that ARGs can spread horizontally across a broad range of organisms, making
controlling and managing the spread of ABR more challenging [29-31]. Among these, mem-
bers of the order Enterobacterales stand out, given their significant capacity for harboring
and transmitting ARGs [18,32-34]. Compared to fish species, crustacean farming presents
distinct challenges and risks for ABR, primarily because shrimp lack an acquired immune
system, which increases their susceptibility to pathogens and the need for antimicrobial
treatments [12,19,29]. Additionally, unlike other fish industries that have seen a reduction
in localized disease outbreaks in farmed fish species due to vaccination, shrimp have a
more primitive immune system that does not respond to vaccination [3]. There is evidence
demonstrating that horizontal gene transfer can take place between unrelated bacterial
species, including non-pathogenic environmental bacteria, leading to widespread resistance
to a variety of antibiotics across many types of bacteria [35,36]. It is important to note that
there are no antibiotics that have been developed solely for use in shrimp, therefore the
antibiotics used in shrimp production are the same antibiotics licensed for the treatment of
human infections [37].

Environmental factors, such as the presence of heavy metals, herbicides, and biocides,
can affect ARG expression, and biofilms provide a niche for diverse microbes and serve as
potential spaces for horizontal gene transfer [38—40]. Studies have shown that even mini-
mal antibiotic concentrations can lead to the evolution of distinct resistance mechanisms,
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suggesting that low-level selective pressures can drive the development of significant
resistance [41].

Khan et al. studied ABR in shrimp farms in Bangladesh and found that the majority
of the bacteria were susceptible to ciprofloxacin; only Proteus alimentorum was weakly
resistant [7]. In our samples, however, ARGs that confer resistance to the quinolone class of
antibiotics were observed in 13% (1 = 3) of the water isolates and 23% (n = 4) of the shrimp
isolates. The quinolones class, which includes fluoroquinolones such as ciprofloxacin, are
effective drugs used to counter a broad spectrum of bacterial infections. Ciprofloxacin
has been found to be broadly applied in shrimp aquaculture to manage infections caused
by Gram-negative bacteria, such as Pseudomonas spp., and on occasion employed to treat
infections caused by Gram-positive bacteria [42]. Unlike the Khan et al. study, our results
showed that quinolone resistance genes were present in the shrimp aquatic ecosystems.

A 2022 study analyzing water bodies receiving hospital effluents in Kerala, India,
highlighted the prevalence of ESBL-producing E. coli and K. pneumoniae with high rates of
multi-drug resistance that were confirmed to have transferred resistance genes via plasmid-
mediated transfer [43]. The role of K. pneumoniae in ABR and a One Health context is
well established, and it is a species known for serving as a reservoir for a wide array of
ARGs. Its significant genetic diversity and common carriage of plasmids are thought to
facilitate the transfer of resistance traits to various pathogens, including key carbapenemase
genes [44]. Our research aligns with this perspective, demonstrating shared ARGS in both
K. pneumoniae and E. coli (e.g., blactx-m-15, blatem-18, mphA, tetA, and sulyp).

Recent findings highlight the public health risks associated with the transfer of ARGs
in Aeromonas spp. found in water bodies [31]. This species, which has been shown to
cause severe illnesses such as gastroenteritis and septicemia, has a propensity to acquire
and disseminate ARGs, most notably through mechanisms like conjugation [31,45]. In our
sample, both Aeromonas spp. and E. coli had genes that produce CTX enzymes (blacmy-gB-1
and blacymy.o-1)- Whether one is the source of the ARG for the other was not characterized
in this current study; however, it points to a concerning pathway for the spread of beta-
lactamase resistance genes. Compounding this concern, the detection of the ogxA_1 and
0qxB_1 genes in E. cloacae, E. coli, and K. pneumoniae within our samples underscores that
gene transfer could be an important mechanism in aquaculture environments.

The MLST analysis of the 44 isolates highlighted a diverse array of sequence types
across various species but also demonstrated that several sequence types were shared among
both shrimp and water isolates. In a study conducted by Zhang et al. in 2024, they found a
multi-drug-resistant E. coli ST2705 in retail fish products in China [46]. This study was the
first report of mcr-1-positive ESBL-producing E. coli ST2705 and ST10 in retail fish, and while
our study did not contain any mcr-1-positive isolates, we did identify E. coli ST2705, which
has also been identified in livestock and flies [47]. Another clinically relevant sequence
type found in our isolates was ST48, which has been shown to harbor multiple conjugative
plasmids containing numerous ARGs [48,49].

Across our isolates, we identified E. coli ST641 and ST6186 in both shrimp and water
samples. In a study by Do et al. (2023), ST641 was observed in both human and swine
isolates and demonstrated closely related phylogenetic connections, including similar viru-
lence characteristics [50]. Additionally, sequence types for other species like K. pneumoniae
(e.g., ST15, ST661, and ST1310) and P. aeruginosa (e.g., ST2629 and ST1414) were also identi-
fied. Among these, ST15 in K. pneumoniae stands out as a linage that has been found to cause
clinical infections; it is known as an opportunistic pathogen that can cause pneumonia,
septicemia, bronchitis, and urinary tract infections (UTIs), and it has a multi-drug-resistant
lineage [51].

The UN Food and Agriculture Organization has identified food consumption as “likely
to be quantitatively the most important potential transmission pathway from livestock to
humans, although direct evidence linking ABR emergence in humans to food consumption
is lacking” [37]. In Ecuador, the consumption of street food is widespread and an under-
standing of risks from foodborne pathogens and antimicrobial resistance is limited [18].
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In the last decade, there has only been one study conducted in Ecuador that examined
ABR in shrimp farms and retail shrimp [20]. Sperling et al. primarily focused on the
prevalence of Vibrio spp. (95.6%) in shrimp and found that many V. parahaemolyticus strains
were multi-drug-resistant. Our study greatly expands these previous findings by providing
a broader perspective of the diverse species and ARGs in the aquaculture environments
of Ecuador.

Notwithstanding the limited number of shrimp facilities examined in this study,
these results underscore important implications for environmental and human health.
Ecuadorian aquaculture practices directly expose shrimp farmworkers and the surrounding
ecosystem, including extensive protected mangrove forests, to drug-resistant bacteria [52,
53]. Furthermore, the global market for Ecuadorian shrimp is at a current all-time high,
including a new trade deal with China that included 4 billion USD in shrimp sales in
2022 [54]. With high levels of international trade within the shrimp industry, the extent
to which the trade and consumption of shrimp plays a role in the global dissemination
of ABR is still unknown [3]. According to Romo-Castro, Ecuador does not yet adhere
to WHO antibiotic stewardship strategies, and data including basic metrics of antibiotic
use in agriculture and aquaculture are still lacking [19]. Lastly, there are no standardized
international guidelines at present for maximum antimicrobial residue limits in water.
Water therefore becomes an important vehicle for the spread of both antimicrobial residues
and resistance, since contaminated water can be used for other agricultural purposes or
consumed directly by humans and livestock.

The results generated from this study increase our understanding of the factors that
are associated with the spread of ABR through aquaculture systems. Despite the relatively
low number of isolates that were sequenced (1 = 44), the results of this study draw attention
to the fact that shrimp farms in Atacames, Ecuador may potentially be key sites for the
sharing of resistance genes across clinically significant species, which can subsequently
have negative impacts on consumers’ health. The threat of antibiotic resistance is a growing
cause for concern and more effort is needed to prevent the emergence of new resistant
strains and the spread of existing ones to humans.

4. Potential Future Research

There is a significant risk of ABR dissemination associated with shrimp production
and new efforts are needed to reduce the development and spread of ABR from shrimp
ponds to other environments. The first step that is needed is to move towards more
judicious use of antibiotics in the shrimp farming process [55]. More studies should adopt
a One Health approach to sampling methods that focuses on all aspects of the shrimp-
rearing environment and surrounding ecosystem, including but not limited to shrimp
pond sediment, shrimp pond water at various stages of shrimp development, and adjacent
aquatic systems [56].

Public health researchers and practitioners have advocated for a global monitoring
system for ABR surveillance [55]. Global monitoring of ABR is not only important to
understand the total burden of ABR dissemination but is also important to identify countries
which could benefit from targeted antibiotic-use reduction initiatives. It is important
to note, however, that increasing laboratory facilities and equipment for genomic and
phenotypic testing of isolates remains a major hurdle for many countries [57]. The top ten
shrimp-producing countries do have regulations in place regarding the use of antibiotics;
however, it is crucial to note that there is a major difference between regulation and
enforcement. Another key way to promote the judicious use of antibiotics in the shrimp-
rearing process is changing the type and quantity of feed used in the process. Using feed
with antibiotic additives is a widespread practice across the industry, and this practice
should be stopped [55].

There are several key mitigation strategies that could be implemented immediately
among shrimp producers that would greatly decrease the spread of ABR. First, antibiotic
stewardship needs to be improved and could include the administration of antibiotics only
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under the supervision of a veterinarian. Alternatives to antibiotics in the shrimp industry
are growing, and there are several that are currently under development. These strategies
include vaccine development, phage therapy, quorum quenching, and probiotics [55,57].
There is increasing scientific evidence pointing to the potential benefits and use of innate
immune memory in shrimp, which could offer possibilities for vaccination [58].

5. Materials and Methods
5.1. Study Area

The study was conducted in June 2023 in Atacames, Ecuador, a coastal town with a
population of 51,204 according to the last national census in 2022 [59]. The site was selected
due to the scale of shrimp production in the area; Ecuador exported over one million tons
of shrimp to the global market in 2022 [15].

A convenience sampling method was used to identify appropriate shrimp farms
for sampling using the following criteria: (1) accessibility to water influent and effluent
channels and ponds within shrimp aquaculture facilities; (2) availability of commercial
shrimp for sampling; and (3) proximity of the shrimp farm to populated residential areas.

5.2. Water Sample Collection and Analysis

Surface water samples were collected aseptically from three distinct aquaculture
farms (n = 3), and a total of 162 surface water samples were taken from the farm influent
(n = 54), effluent (n = 54), and within the shrimp farm ponds (n = 54). Eighteen surface
water samples were collected on a weekly basis from each of the three shrimp aquacul-
ture facilities.

Water samples were collected and processed using the Aquagenx portable water quality
test kits (Aquagenx, Chapel Hill, NC, USA) according to the manufacturer’s guidelines [60].
Given the high levels of E. coli counts in the surface water samples, a 1:10 dilution was
made, and 10 mL of the surface water was diluted with 90 mL of autoclaved, distilled water.
Half of all surface water samples (1 = 81) were spiked with 1 mg/L ceftriaxone for further
analysis. The samples were then incubated at an ambient temperature (24 °C) for 48 h.

5.3. Shrimp Sample Collection and Analysis

Shrimp samples were procured directly from designated shrimp ponds from each
of the 3 shrimp farms at weekly intervals for 3 weeks, resulting in a total of 54 shrimp
samples. Every week, eight samples were collected, comprising three replicates to detect
and quantify E. coli and an equal number of samples supplemented with ceftriaxone. One
negative and one positive control sample were run with each batch of samples. Shrimp
samples were placed in Whirl-Pak® Bags (Whirl-Pak, Madison, WI, USA) and transported
back to the lab on ice for further analysis.

Each shrimp sample involved the aseptic removal of the carapace and the extraction of
the shrimp intestine. The shrimp intestine was then placed in a whirl pack bag along with
100 mL of autoclaved distilled water. The shrimp and water combination (shrimp rinse)
was then shaken for one minute, and 100 mL was aseptically transferred into an Aquagenx
water quality test bag. Half of the shrimp samples were spiked with 1 mg/L ceftriaxone
(Daehwa Pharmaceuticals, Seoul, Republic of Korea).

5.4. Isolation Procedure for Escherichia coli

In the case of the water and shrimp samples subjected to ceftriaxone exposure, an
initial quantification of E. coli was performed. Subsequently, from the gel sample bags,
three bacterial isolates that grew in the presence of ceftriaxone (i.e., a third-generation
cephalosporin) were randomly selected and stored. The isolates were preserved by placing
them in a 15% glycerol solution (Sigma-Aldrich, Burlington, MA, USA) and freezing them
at a temperature of —20 °C. All preserved isolates were packed on ice and transported to
the Instituto de Microbiologia at Universidad de San Francisco de Quito (USFQ), located
in Cumbaya.
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This study used Aquagenx portable water quality test kits (Aquagenx, Chapel Hill,
NC, USA) for the identification of E. coli CFU counts in both water and shrimp samples.
The Aquagenx portable water quality test kits are designed to only grow E. coli; however,
studies have found that other species can grow in these kits [61].

5.5. DNA Sequence and Analysis

Bacterial isolates that grew in the presence of ceftriaxone, a third-generation cephalosporin
(3GC), were plated on MacConkey lactose agar (Dipco, Sparks, MD, USA) supplemented with
ceftriaxone (1 mg/L) and incubated at 37 °C for 24 h. Next, one colony was selected and
cultured in Tryptic Soy Broth (TB) (Dipco, Sparks, MD, USA) at 37 °C for 16 h. Genomic DNA
from the isolates was extracted using the DNeasy Blood and Tissue Kit (QIAGEN, Hilden,
Germany) according to the manufacturer’s instructions.

Sequencing was carried out by Novogene (Sacramento, CA, USA) using a single
2 x 250-bp dual-index run on an Illumina (San Diego, CA, USA) MiSeq with Nextera XT
libraries to generate ~30- to 50-fold coverage per genome. Genome assembly of MiSeq
reads for each sample was performed using Unicycler version 0.5.0 with all default param-
eters [62], which invoked the SPAdes assembler with automated k-mer detection [63]. The
identification of the genus and species of the isolates was carried out using Seemann’s MLST
version 2.19.0 [64], using the database from PubMLST [65]. ARGs were identified using the
ABRicate tool (version 1.0.1) [66], and Resfinder was the database used, with >80% as thresh-
old for the identification of resistance genes [67]. Additionally, multilocus sequence typing
(MLST) was conducted in accordance with species-specific PubMLST allele schemes [68,69].
Detection of mobile genetic elements, such as plasmids, was carried out using the MOB-
suite version 3.1.9 with its default parameters [27,28]. Data processing programs were run
in a Linux High Performance Cluster provided by the University of California, Berkeley,
with parallelization assisted by use of the GNU Parallel version20190922 [70]. Raw reads
from isolates sequenced in this study are available at the NCBI Short Read Archive (SRA).

6. Conclusions

In this study, we found that shrimp farms were a key reservoir of ARGs across diverse
bacterial species. This poses a significant threat to both public health and aquatic environ-
ments. Based on the study findings, we suggest that further environmental monitoring
of ABR across aquatic systems and the shrimp supply should take place, including the
influent water quality of these aquaculture systems. This increased surveillance could
provide further insights into how to better safeguard the food supply and human health.
The results of this study illustrate the need for more transparent accounting of antibiotic use
by shrimp producers. Antibiotic stewardship in this sector could go a long way towards
improving the safety of the food supply and protecting human health.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/antibiotics13090825/s1.

Author Contributions: Conceptualization, TM.M., J.P.G. and G.T.; methodology, TM.M.,, ].P.G,,
L.S. and G.T,; formal analysis, TH., TM.M,, ].P.G., N.W. and T.V,; investigation, TM.M. and L.S.;
resources, ].P.G.; data curation, T.H., TM.M. and N.W.,; data processing and bioinformatics, T.H.;
writing—original draft preparation, TM.M.; writing—review and editing, TH., TM.M,, ] PG., G.T.
and L.S,; visualization, T.H. and TM.M.; supervision, ].P.G. and G.T.; project administration, TM.M.
and ]J.P.G.; funding acquisition, J.P.G. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received funding from the UC Berkeley Center for Global Public Health
(https:/ /cgph.berkeley.edu/cgph-global-health-summer-fellowship-programs/, accessed on
1 May 2024).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.


https://www.mdpi.com/article/10.3390/antibiotics13090825/s1
https://cgph.berkeley.edu/cgph-global-health-summer-fellowship-programs/

Antibiotics 2024, 13, 825 13 of 16

Data Availability Statement: The data presented in this study are openly available at NCBI Short Read
Archive (SRA) under BioProject ID PRJNA1151051 (http:/ /www.ncbi.nlm.nih.gov /bioproject/1151051,
accessed on 1 May 2024).

Acknowledgments: This study would not have been possible without the support of the field
sampling staff, Doralis Perlaza and Alfredo Velis Arce, along with Manuel Pallares and Cristina
Latorre, who provided in-country guidance and support on the project. This research used the
Savio computational cluster resource provided by the Berkeley Research Computing Program at the
University of California, Berkeley (supported by the UC Berkeley Chancellor, Vice Chancellor for
Research, and Chief Information Officer).

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

References

1. World Health Organization. Global Antimicrobial Resistance and Use Surveillance System (GLASS) Report 2022; World Health
Organization: Geneva, Switzerland, 2022.

2. Murray, CJ.L,; Ikuta, K.S.; Sharara, E.; Swetschinski, L.; Aguilar, G.R.; Gray, A.; Han, C.; Bisignano, C.; Rao, P.; Wool, E.; et al.
Global Burden of Bacterial Antimicrobial Resistance in 2019: A Systematic Analysis. Lancet 2022, 399, 629-655. [CrossRef]
[PubMed]

3. Thornber, K.; Verner-Jeffreys, D.; Hinchliffe, S.; Rahman, M.M.; Bass, D.; Tyler, C.R. Evaluating Antimicrobial Resistance in the
Global Shrimp Industry. Rev. Aquac. 2020, 12, 966-986. [CrossRef]

4. Hossain, A.; Habibullah-Al-Mamun, M.; Nagano, I.; Masunaga, S.; Kitazawa, D.; Matsuda, H. Antibiotics, Antibiotic-Resistant
Bacteria, and Resistance Genes in Aquaculture: Risks, Current Concern, and Future Thinking. Environ. Sci. Pollut. Res. Int. 2022,
29,11054-11075. [CrossRef]

5. Schar, D.; Sommanustweechai, A.; Laxminarayan, R.; Tangcharoensathien, V. Surveillance of Antimicrobial Consumption in
Animal Production Sectors of Low- and Middle-Income Countries: Optimizing Use and Addressing Antimicrobial Resistance.
PLoS Med. 2018, 15, €1002521. [CrossRef]

6.  Sivaraman, G.K.; Rajan, V.; Vijayan, A.; Elangovan, R.; Prendiville, A.; Bachmann, T.T. Antibiotic Resistance Profiles and Molecular
Characteristics of Extended-Spectrum Beta-Lactamase (ESBL)-Producing Escherichia coli and Klebsiella Pneumoniae Isolated
From Shrimp Aquaculture Farms in Kerala, India. Front. Microbiol. 2021, 12, 622891. [CrossRef] [PubMed]

7. Khan, M,; Paul, S.I,; Rahman, M.M.; Lively, J.A. Antimicrobial Resistant Bacteria in Shrimp and Shrimp Farms of Bangladesh.
Water 2022, 14, 3172. [CrossRef]

8.  Cheng, H,; Jiang, H; Fang, J.; Zhu, C. Antibiotic Resistance and Characteristics of Integrons in Escherichia coli Isolated from
Penaeus Vannamei at a Freshwater Shrimp Farm in Zhejiang Province, China. J. Food Prot. 2019, 82, 470-478. [CrossRef]

9. Mok, ].S.; Cho, S.R,; Park, YJ.; Jo, M.R.; Ha, K.S.; Kim, P.H.; Kim, M.]. Distribution and Antimicrobial Resistance of Vibrio
Parahaemolyticus Isolated from Fish and Shrimp Aquaculture Farms along the Korean Coast. Mar. Pollut. Bull. 2021, 171, 112785.
[CrossRef]

10. FAO. FAO Yearbook. Fishery and Aquaculture Statistics 2019/FAO Annuaire. Statistiques Des Péches et de I'aquaculture 2019/FAO
Anuario. Estadisticas de Pesca y Acuicultura 2019; FAO: Rome, Italy, 2021; ISBN 978-92-5-135410-0.

11. Hinchliffe, S.; Butcher, A.; Rahman, M.M. The AMR Problem: Demanding Economies, Biological Margins, and Co-Producing
Alternative Strategies. Palgrave Commun. 2018, 4, 142. [CrossRef]

12.  Milligan, E.G.; Calarco, J.; Davis, B.C.; Keenum, I.M.; Liguori, K,; Pruden, A.; Harwood, V]. A Systematic Review of Culture-
Based Methods for Monitoring Antibiotic-Resistant Acinetobacter, Aeromonas, and Pseudomonas as Environmentally Relevant
Pathogens in Wastewater and Surface Water. Curr. Environ. Health Rep. 2023, 10, 154-171. [CrossRef]

13. Igbinosa, E.O.; Beshiru, A. Antimicrobial Resistance, Virulence Determinants, and Biofilm Formation of Enterococcus Species
From Ready-to-Eat Seafood. Front. Microbiol. 2019, 10, 728. [CrossRef] [PubMed]

14. Khan, M,; Lively, ].A. Determination of Sulfite and Antimicrobial Residue in Imported Shrimp to the USA. Aquac. Rep. 2020, 18,
100529. [CrossRef]

15.  FAO. GLOBEFISH Highlights—International Markets for Fisheries and Aquaculture Products; FAO: Rome, Italy, 2023; ISBN 978-92-5-138174-8.

16. Monsalve, E.R.; Quiroga, E. Farmed Shrimp Aquaculture in Coastal Wetlands of Latin America—A Review of Environmental
Issues. Mar. Pollut. Bull. 2022, 183, 113956. [CrossRef] [PubMed]

17. Ng, C.; Chen, H.; Goh, S.G.; Haller, L.; Wu, Z.; Charles, ER.; Trottet, A.; Gin, K. Microbial Water Quality and the Detection
of Multidrug Resistant E. coli and Antibiotic Resistance Genes in Aquaculture Sites of Singapore. Mar. Pollut. Bull. 2018, 135,
475-480. [CrossRef] [PubMed]

18. Tubén, ]J.; Barragan-Fonseca, G.; Lalaleo, L.; Calero-Céceres, W. Data on Antibiograms and Resistance Genes of Enterobacterales
Isolated from Ready-to-Eat Street Food of Ambato, Ecuador. F1000Research 2022, 11, 669. [CrossRef] [PubMed]

19. Romo-Castillo, H.F; Pazin-Filho, A. Towards Implementing an Antibiotic Stewardship Programme (ASP) in Ecuador: Evaluating

Antibiotic Consumption and the Impact of an ASP in a Tertiary Hospital According to World Health Organization (WHO)
Recommendations. J. Glob. Antimicrob. Resist. 2022, 29, 462—467. [CrossRef]


http://www.ncbi.nlm.nih.gov/bioproject/1151051
https://doi.org/10.1016/S0140-6736(21)02724-0
https://www.ncbi.nlm.nih.gov/pubmed/35065702
https://doi.org/10.1111/raq.12367
https://doi.org/10.1007/s11356-021-17825-4
https://doi.org/10.1371/journal.pmed.1002521
https://doi.org/10.3389/fmicb.2021.622891
https://www.ncbi.nlm.nih.gov/pubmed/34489875
https://doi.org/10.3390/w14193172
https://doi.org/10.4315/0362-028X.JFP-18-444
https://doi.org/10.1016/j.marpolbul.2021.112785
https://doi.org/10.1057/s41599-018-0195-4
https://doi.org/10.1007/s40572-023-00393-9
https://doi.org/10.3389/fmicb.2019.00728
https://www.ncbi.nlm.nih.gov/pubmed/31057497
https://doi.org/10.1016/j.aqrep.2020.100529
https://doi.org/10.1016/j.marpolbul.2022.113956
https://www.ncbi.nlm.nih.gov/pubmed/36058720
https://doi.org/10.1016/j.marpolbul.2018.07.055
https://www.ncbi.nlm.nih.gov/pubmed/30301062
https://doi.org/10.12688/f1000research.117116.1
https://www.ncbi.nlm.nih.gov/pubmed/35844814
https://doi.org/10.1016/j.jgar.2021.11.001

Antibiotics 2024, 13, 825 14 of 16

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Sperling, L.; Alter, T.; Huehn, S. Prevalence and Antimicrobial Resistance of Vibrio spp. in Retail and Farm Shrimps in Ecuador. J.
Food Prot. 2015, 78, 2089-2092. [PubMed]

Mulchandani, R.; Wang, Y.; Gilbert, M.; Van Boeckel, T.P. Global Trends in Antimicrobial Use in Food-Producing Animals: 2020 to
2030. PLoS Glob. Public Health 2023, 3, €0001305. [CrossRef]

Boyd, C.E.; Davis, R.P.; Wilson, A.G.; Marcillo, F,; Brian, S.; McNevin, A.A. Resource Use in Whiteleg Shrimp Litopenaeus
Vannamei Farming in Ecuador. J. World Aquac. Soc. 2021, 52, 772-788. [CrossRef]

Marcillo, E. Shrimp Farming and the Environment in Ecuador: Past and Present. World Aquac. 2017, 48, 39—42.

Ministerio de Production, Comercio Exterior, Inversiones y Pesca. Listado de los Certificados de Registro Sanitario Unificado (RSU)
Vigentes; Ministerio de Production, Comercio Exterior, Inversiones y Pesca: Quito, Ecuador, 2024.

Vinueza, D.; Ochoa-Herrera, V.; Maurice, L.; Tamayo, E.; Mejia, L.; Tejera, E.; Machado, A. Determining the Microbial and
Chemical Contamination in Ecuador’s Main Rivers. Sci. Rep. 2021, 11, 17640. [CrossRef] [PubMed]

World Health Organization. WHO's List of Medically Important Antimicrobials: A Risk Management Tool for Mitigating Antimicrobial
Resistance Due to Non-Human Use; World Health Organization: Geneva, Switzerland, 2024.

Robertson, J.; Nash, J.H.E. MOB-Suite: Software Tools for Clustering, Reconstruction and Typing of Plasmids from Draft
Assemblies. Microb. Genom. 2018, 4, e000206. [CrossRef]

Robertson, J.; Bessonov, K.; Schonfeld, J.; Nash, J.H.E. Universal Whole-Sequence-Based Plasmid Typing and Its Utility to
Prediction of Host Range and Epidemiological Surveillance. Microb. Genom. 2020, 6, e000435. [CrossRef] [PubMed]

Morris, ].M.; Mercoulia, K.; Valcanis, M.; Gorrie, C.L.; Sherry, N.L.; Howden, B.P. Hidden Resistances: How Routine Whole-
Genome Sequencing Uncovered an Otherwise Undetected blaNDM-1 Gene in Vibrio Alginolyticus from Imported Seafood.
Microbiol. Spectr. 2023, 11, e04176-22. [CrossRef]

Fu, S.; Wang, Q.; Wang, R.; Zhang, Y.; Lan, R.; He, F,; Yang, Q. Horizontal Transfer of Antibiotic Resistance Genes within the
Bacterial Communities in Aquacultural Environment. Sci. Total Environ. 2022, 820, 153286. [CrossRef]

Bello-Lopez, ] M.; Cabrero-Martinez, O.A.; Ibafiez-Cervantes, G.; Hernandez-Cortez, C.; Pelcastre-Rodriguez, L.I.; Gonzalez-Avila,
L.U.; Castro-Escarpulli, G. Horizontal Gene Transfer and Its Association with Antibiotic Resistance in the Genus aeromonas spp.
Microorganisms 2019, 7, 363. [CrossRef] [PubMed]

Montero, L.; Irazabal, J.; Cardenas, P.; Graham, J.P,; Trueba, G. Extended-Spectrum Beta-Lactamase Producing-Escherichia coli
Isolated From Irrigation Waters and Produce in Ecuador. Front. Microbiol. 2021, 12, 709418. [CrossRef]

Sabino, Y.N.V.; de Melo, M.D.; da Silva, G.C.; Mantovani, H.C. Unraveling the Diversity and Dissemination Dynamics of
Antimicrobial Resistance Genes in Enterobacteriaceae Plasmids across Diverse Ecosystems. J. Appl. Microbiol. 2024, 135, 1xae028.
[CrossRef]

Ramsamy, Y.; Mlisana, K.P.; Amoako, D.G.; Abia, A.L.K,; Ismail, A.; Allam, M.; Mbanga, J.; Singh, R.; Essack, S.Y. Mobile
Genetic Elements-Mediated Enterobacterales-Associated Carbapenemase Antibiotic Resistance Genes Propagation between the
Environment and Humans: A One Health South African Study. Sci. Total Environ. 2022, 806, 150641. [CrossRef]

Nasrollahian, S.; Graham, ].P.; Halaji, M. A Review of the Mechanisms That Confer Antibiotic Resistance in Pathotypes of E. coli.
Front. Cell. Infect. Microbiol. 2024, 14, 1387497. [CrossRef]

Li, W,; Li, Y,; Zheng, N.; Ge, C.; Yao, H. Occurrence and Distribution of Antibiotics and Antibiotic Resistance Genes in the Guts of
Shrimp from Different Coastal Areas of China. Sci. Total Environ. 2022, 815, 152756. [CrossRef] [PubMed]

Wall, B.A.; Mateus, A.; Marshall, L.; Pfeiffer, D.U.; Lubroth, J.; Ormel, H.J.; Otto, P.; Patriarchi, A. Drivers, Dynamics and
Epidemiology of Antimicrobial Resistance in Animal Production; FAO: Rome, Italy, 2016.

Taylor, N.G.H.; Verner-Jeffreys, D.W.; Baker-Austin, C. Aquatic Systems: Maintaining, Mixing and Mobilising Antimicrobial
Resistance? Trends Ecol. Evol. 2011, 26, 278-284. [CrossRef]

Abe, K.; Nomura, N.; Suzuki, S. Biofilms: Hot Spots of Horizontal Gene Transfer (HGT) in Aquatic Environments, with a Focus
on a New HGT Mechanism. FEMS Microbiol. Ecol. 2020, 96, fiaa031. [CrossRef] [PubMed]

Murray, L.M.; Hayes, A.; Snape, ].; Kasprzyk-Hordern, B.; Gaze, W.H.; Murray, A.K. Co-Selection for Antibiotic Resistance by
Environmental Contaminants. Npj Antimicrob. Resist. 2024, 2, 9. [CrossRef]

Wistrand-Yuen, E.; Knopp, M.; Hjort, K.; Koskiniemi, S.; Berg, O.G.; Andersson, D.I. Evolution of High-Level Resistance during
Low-Level Antibiotic Exposure. Nat. Commun. 2018, 9, 1599. [CrossRef]

Ibrahim, M.; Ahmad, F; Yaqub, B.; Ramzan, A.; Imran, A.; Afzaal, M.; Mirza, S.A.; Mazhar, I.; Younus, M.; Akram, Q.; et al.
Chapter 4—Current Trends of Antimicrobials Used in Food Animals and Aquaculture. In Antibiotics and Antimicrobial Resistance
Genes in the Environment; Hashmi, M.Z., Ed.; Advances in Environmental Pollution Research Series; Elsevier: Amsterdam, The
Netherlands, 2020; Volume 1, pp. 39-69. ISBN 978-0-12-818882-8.

Girijan, S.K.; Pillai, D. Genetic Diversity and Prevalence of Extended-Spectrum Beta-Lactamase-Producing Escherichia coli
and Klebsiella Pneumoniae in Aquatic Environments Receiving Untreated Hospital Effluents. J. Water Health 2022, 21, 66-80.
[CrossRef]

Wyres, K.L.; Holt, K.E. Klebsiella pneumoniae as a Key Trafficker of Drug Resistance Genes from Environmental to Clinically
Important Bacteria. Curr. Opin. Microbiol. 2018, 45, 131-139. [CrossRef]

Piotrowska, M.; Popowska, M. The Prevalence of Antibiotic Resistance Genes among Aeromonas Species in Aquatic Environments.
Ann. Microbiol. 2014, 64, 921-934. [CrossRef]


https://www.ncbi.nlm.nih.gov/pubmed/26555534
https://doi.org/10.1371/journal.pgph.0001305
https://doi.org/10.1111/jwas.12818
https://doi.org/10.1038/s41598-021-96926-z
https://www.ncbi.nlm.nih.gov/pubmed/34480050
https://doi.org/10.1099/mgen.0.000206
https://doi.org/10.1099/mgen.0.000435
https://www.ncbi.nlm.nih.gov/pubmed/32969786
https://doi.org/10.1128/spectrum.04176-22
https://doi.org/10.1016/j.scitotenv.2022.153286
https://doi.org/10.3390/microorganisms7090363
https://www.ncbi.nlm.nih.gov/pubmed/31540466
https://doi.org/10.3389/fmicb.2021.709418
https://doi.org/10.1093/jambio/lxae028
https://doi.org/10.1016/j.scitotenv.2021.150641
https://doi.org/10.3389/fcimb.2024.1387497
https://doi.org/10.1016/j.scitotenv.2021.152756
https://www.ncbi.nlm.nih.gov/pubmed/34990667
https://doi.org/10.1016/j.tree.2011.03.004
https://doi.org/10.1093/femsec/fiaa031
https://www.ncbi.nlm.nih.gov/pubmed/32109282
https://doi.org/10.1038/s44259-024-00026-7
https://doi.org/10.1038/s41467-018-04059-1
https://doi.org/10.2166/wh.2022.194
https://doi.org/10.1016/j.mib.2018.04.004
https://doi.org/10.1007/s13213-014-0911-2

Antibiotics 2024, 13, 825 15 of 16

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Zhang, S.; Huang, Y.; Yang, G.; Wu, Q.; Zhang, J.; Wang, J.; Ding, Y,; Su, Y,; Ye, Q.; Wu, S.; et al. High Prevalence of
Multidrug-Resistant Escherichia coli in Retail Aquatic Products in China and the First Report of Mcr-1-Positive Extended-Spectrum
-Lactamase-Producing E. coli ST2705 and ST10 in Fish. Int. J. Food Microbiol. 2024, 408, 110449. [CrossRef]

Nguyen, PT.L.; Ngo, TH.H.; Tran, TM.H.; Vu, TN.B,; Le, V.T.; Tran, H.A ; Pham, D.T.; Nguyen, H.T.; Tran, D.L.; Nguyen, T.P.L,;
et al. Genomic Epidemiological Analysis of Mcr-1-Harboring Escherichia coli Collected from Livestock Settings in Vietnam. Front.
Vet. Sci. 2022, 9, 1034610. [CrossRef]

Wang, Y; Liu, H.; Wang, Q.; Du, X,; Yu, Y,; Jiang, Y. Coexistence of BlaKPC-2-IncN and Mcr-1-IncX4 Plasmids in a ST48 Escherichia
coli Strain in China. . Glob. Antimicrob. Resist. 2020, 23, 149-153. [CrossRef]

Madec, ].-Y.; Haenni, M.; Ponsin, C.; Kieffer, N.; Rion, E.; Gassilloud, B. Sequence Type 48 Escherichia coli Carrying the blaCTX-M-1
IncI1/ST3 Plasmid in Drinking Water in France. Antimicrob. Agents Chemother. 2016, 60, 6430-6432. [CrossRef]

Do, K.-H.; Seo, K.; Jung, M.; Lee, W.-K_; Lee, W.-K. Comparative Genetic Characterization of Pathogenic Escherichia coli Isolated
from Patients and Swine Suffering from Diarrhea in Korea. Animals 2023, 13, 1154. [CrossRef]

Horvath, M.; Kovacs, T.; Kun, J.; Gyenesei, A.; Damjanova, I; Tigyi, Z.; Schneider, G. Virulence Characteristics and Molecular
Typing of Carbapenem-Resistant ST15 Klebsiella Pneumoniae Clinical Isolates, Possessing the K24 Capsular Type. Antibiotics
2023, 12,479. [CrossRef] [PubMed]

Hamilton, S. The Impact of Shrimp Farming on Mangrove Ecosystems and Local Livelihoods along the Pacific Coast of Ecuador.
Ph.D. Dissertation, University of Southern Mississippi, Hattiesburg, MS, USA, 2011.

Trevifio, M.; Murillo-Sandoval, PJ. Uneven Consequences: Gendered Impacts of Shrimp Aquaculture Development on Mangrove
Dependent Communities. Ocean. Coast. Manag. 2021, 210, 105688. [CrossRef]

Godfrey, M. China, Ecuador Free Trade Agreement Greases Seafood Trade, but Benefits May Be Lopsided. Available online:
https:/ /www.seafoodsource.com/news/premium/supply-trade/china-ecuador-free-trade-agreement-greases-seafood-trade-
but-benefits-may-be-lopsided (accessed on 31 October 2023).

Palacios, O.A.; Adame-Gallegos, ].R.; Rivera-Chavira, B.E.; Nevarez-Moorillon, G.V. Antibiotics, Multidrug-Resistant Bacteria,
and Antibiotic Resistance Genes: Indicators of Contamination in Mangroves? Antibiotics 2021, 10, 1103. [CrossRef] [PubMed]
Su, H.; Liu, S.; Hu, X,; Xu, X,; Xu, W.; Xu, Y.; Li, Z.; Wen, G.; Liu, Y.; Cao, Y. Occurrence and Temporal Variation of Antibiotic
Resistance Genes (ARGs) in Shrimp Aquaculture: ARGs Dissemination from Farming Source to Reared Organisms. Sci. Total
Environ. 2017, 607-608, 357-366. [CrossRef]

Bondad-Reantaso, M.G.; MacKinnon, B.; Karunasagar, I.; Fridman, S.; Alday-Sanz, V.; Brun, E.; Le Groumellec, M.; Li, A,;
Surachetpong, W.; Karunasagar, I.; et al. Review of Alternatives to Antibiotic Use in Aquaculture. Rev. Aquac. 2023, 15, raq.12786.
[CrossRef]

Mugziasari, W.I; Parnanen, K.; Johnson, T.A; Lyra, C.; Karkman, A.; Stedtfeld, R.D.; Tamminen, M.; Tiedje, ].M.; Virta, M.
Aquaculture Changes the Profile of Antibiotic Resistance and Mobile Genetic Element Associated Genes in Baltic Sea Sediments.
FEMS Microbiol. Ecol. 2016, 92, fiw052. [CrossRef]

Instituto Nacional de Estadisticas y Censos (INEC). Censo Ecuador 2022. Available online: https:/ /censoecuador.ecudatanalytics.
com (accessed on 23 May 2024).

Aquagenx GEL EC Kit Quantifies Colony Forming Units (CFU) of E. coli in 100 mL. Available online: https://www.aquagenx.
com/gel-kits/ (accessed on 6 February 2023).

Rayasam, S.D.; Ray, L; Smith, K.R.; Riley, L.W. Extraintestinal Pathogenic Escherichia coli and Antimicrobial Drug Resistance in a
Mabharashtrian Drinking Water System. Am. J. Trop. Med. Hyg. 2019, 100, 1101. [CrossRef]

Wick, R.R.; Judd, LM.; Gorrie, C.L.; Holt, K.E. Unicycler: Resolving Bacterial Genome Assemblies from Short and Long
Sequencing Reads. PLoS Comput. Biol. 2017, 13, €1005595. [CrossRef] [PubMed]

Bankevich, A.; Nurk, S.; Antipov, D.; Gurevich, A.A.; Dvorkin, M.; Kulikov, A.S.; Lesin, V.M.; Nikolenko, S.I.; Pham, S.; Prjibelski,
A.D.; et al. SPAdes: A New Genome Assembly Algorithm and Its Applications to Single-Cell Sequencing. J. Comput. Biol. 2012,
19, 455-477. [CrossRef]

Seemann, T. MLST. GitHub: San Francisco, CA, USA. Available online: https://github.com/tseemann/mlst (accessed on 1 May 2024).
Jolley, K.A; Bray, J.E.; Maiden, M.C. Open-Access Bacterial Population Genomics: BIGSdb Software, the PubMLST. Org Website
and Their Applications. Wellcome Open Res. 2018, 3, 124. [CrossRef]

Seemann, T. ABRicate. GitHub: San Francisco, CA, USA. Available online: https://github.com/tseemann/abricate (accessed on
1 May 2024).

Zankari, E.; Hasman, H.; Cosentino, S.; Vestergaard, M.; Rasmussen, S.; Lund, O.; Aarestrup, EM.; Larsen, M. V. Identification of
Acquired Antimicrobial Resistance Genes. |. Antimicrob. Chemother. 2012, 67, 2640-2644. [CrossRef] [PubMed]

Larsen, M.V.; Cosentino, S.; Rasmussen, S.; Friis, C.; Hasman, H.; Marvig, R.L.; Jelsbak, L.; Sicheritz-Pontén, T.; Ussery, D.W.,;
Aarestrup, EM.; et al. Multilocus Sequence Typing of Total-Genome-Sequenced Bacteria. J. Clin. Microbiol. 2012, 50, 1355-1361.
[CrossRef]


https://doi.org/10.1016/j.ijfoodmicro.2023.110449
https://doi.org/10.3389/fvets.2022.1034610
https://doi.org/10.1016/j.jgar.2020.08.023
https://doi.org/10.1128/AAC.01135-16
https://doi.org/10.3390/ani13071154
https://doi.org/10.3390/antibiotics12030479
https://www.ncbi.nlm.nih.gov/pubmed/36978346
https://doi.org/10.1016/j.ocecoaman.2021.105688
https://www.seafoodsource.com/news/premium/supply-trade/china-ecuador-free-trade-agreement-greases-seafood-trade-but-benefits-may-be-lopsided
https://www.seafoodsource.com/news/premium/supply-trade/china-ecuador-free-trade-agreement-greases-seafood-trade-but-benefits-may-be-lopsided
https://doi.org/10.3390/antibiotics10091103
https://www.ncbi.nlm.nih.gov/pubmed/34572685
https://doi.org/10.1016/j.scitotenv.2017.07.040
https://doi.org/10.1111/raq.12786
https://doi.org/10.1093/femsec/fiw052
https://censoecuador.ecudatanalytics.com
https://censoecuador.ecudatanalytics.com
https://www.aquagenx.com/gel-kits/
https://www.aquagenx.com/gel-kits/
https://doi.org/10.4269/ajtmh.18-0542
https://doi.org/10.1371/journal.pcbi.1005595
https://www.ncbi.nlm.nih.gov/pubmed/28594827
https://doi.org/10.1089/cmb.2012.0021
https://github.com/tseemann/mlst
https://doi.org/10.12688/wellcomeopenres.14826.1
https://github.com/tseemann/abricate
https://doi.org/10.1093/jac/dks261
https://www.ncbi.nlm.nih.gov/pubmed/22782487
https://doi.org/10.1128/JCM.06094-11

Antibiotics 2024, 13, 825 16 of 16

69. Kjeer Hansen, S.; Andersen, L.; Detlefsen, M.; Holm, A ; Roer, L.; Antoniadis, P.; Skov, M.N.; Hammerum, A.M.; Kemp, M. Using
Core Genome Multilocus Sequence Typing (cgMLST) for Vancomycin-Resistant Enterococcus Faecium Isolates to Guide Infection
Control Interventions and End an Outbreak. J. Glob. Antimicrob. Resist. 2021, 24, 418-423. [CrossRef] [PubMed]

70. Tange, O. GNU Parallel 20150322 (‘Hellwig’); Zenodo: Geneva, Switzerland, 2015.

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


https://doi.org/10.1016/j.jgar.2021.02.007
https://www.ncbi.nlm.nih.gov/pubmed/33618041

	Introduction 
	Results 
	Prevalence of Escherichia coli 
	Antibiotic Resistance Genes 
	Bacterial Species 
	Genotypes of Escherichia coli 

	Discussion 
	Potential Future Research 
	Materials and Methods 
	Study Area 
	Water Sample Collection and Analysis 
	Shrimp Sample Collection and Analysis 
	Isolation Procedure for Escherichia coli 
	DNA Sequence and Analysis 

	Conclusions 
	References



