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Introduction: Although it is widely recognized that aquaculture activity is particularly relevant to the development and spread of AMR in the aquatic environment, national action plans against AMR typically do not include the marine environment among the compartments targeted for AMR monitoring and surveillance. This study aimed to compare the sentinel capacity of mollusks, seawater, and sediments for AMR surveillance in the marine environment of the Los Lagos region, Chile, using Escherichia coli as indicator bacteria and florfenicol, oxytetracycline, oxolinic acid, and flumequine as target antimicrobials.

Methods: 101 mollusk, 76 seawater and 76 sediment samples were collected simultaneously from 76 sites in the coastal area of the Los Lagos region, Chile, between 2023 and 2024. All samples were subjected to conventional laboratory procedures for E. coli isolation. Minimum inhibitory concentrations (MICs) for florfenicol, oxytetracycline, oxolinic acid, and flumequine were estimated for each E. coli isolate, which was then classified as either “wild-type” (WT; i.e., susceptible) or “non-wild-type” (NWT; i.e., tolerant) based on local epidemiological cutoff values (COwt) calculated from the MIC results. The frequency of NWT E. coli isolates was calculated for each of the three compartments; significant differences in the probabilities of isolating E. coli and detecting NWT E. coli were assessed using logistic regression models.

Results: E. coli was isolated in 82.2% of the mollusk, 93.4% of the seawater, and 38.7% of the sediment samples. The COwt values were estimated in 32 μg/mL for florfenicol, 64 μg/mL for oxytetracycline, 1 μg/mL for oxolinic acid, and 2 μg/mL for flumequine. The proportion of NWT E. coli among the four antimicrobials was consistently higher in seawater (25.0% on average), followed by sediments (10.8%) and then mollusks (5.4%). Logistic models indicated that the probabilities of isolating E. coli and detecting NWT E. coli for the four antimicrobials studied significantly depend on the environmental compartment, with seawater having the highest probability. These results should be considered by authorities developing plans to monitor AMR in the marine environment.
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1 Introduction

Antimicrobial resistance (AMR) is the ability of microorganisms, such as bacteria, to grow despite exposure to antimicrobial substances designed to inhibit their growth. In 2021, 1.14 million deaths were attributable to bacterial resistance, and it is estimated that by 2050, there could be 1.91 million deaths (1). The environment, particularly aquatic environments, plays a key role in the evolution and transmission of AMR as the environmental resistome constitutes a genetic reservoir of all known and unknown antimicrobial resistance mechanisms (2). Because antimicrobial concentrations in the environment are generally low compared to those found in the human-animal compartment, the development of resistance in the environment is dominated by the mobilization and transfer of antimicrobial resistance genes (ARGs) within the local bacterial community, rather than by mutations; it is thought this process is prompted by antimicrobial pollution in the environment (2).

Aquaculture farming is known for using large amounts of antibiotics, making this activity particularly relevant for selecting and spreading of AMR in aquatic environments. The role of intensive use of antibiotics in aquaculture on selection and spread in the environment of antibiotic-resistant bacteria is acknowledged by the scientific community (3). Consequently, aquaculture systems and farms are viewed as “genetic reactors” or hotspots for ARGs where significant genetic exchange and recombination can occur, which can shape the evolution of future resistance profiles (4, 5). Aquaculture-associated AMR in the environment can have two distinct origins; first, resistance may develop in the fish gut where antimicrobials come into contact with fish commensal or pathogenic bacteria; these resistant bacteria and genes eventually reach the open environment through fish feces (6, 7). Second, resistance may also develop in situ in environmental bacteria due to contamination by antimicrobials released into the environment through uneaten medicated feed (8, 9). As these bacteria may harbor ARGs, some embedded in mobile genetic elements, resistance can be transmitted to water and sediment bacterial communities (10). Eventually, these genes may be transferred to clinically relevant bacteria in humans (11).

Monitoring human and animal compartments is a core component of national action plans against AMR; however, the integration of the natural environment into these plans remains incomplete and unstandardized (12). Countries leading the incorporation of the environment into AMR action plans, such as Norway, are in the early stages of assessing the feasibility of implementing surveillance systems (13). However, among the different environmental niches, marine ecosystems do not appear to be a focal point of interest. Most notable advances are related to existing programs that have been extended to evaluate AMR. This is the case of the Institute of Marine Research of Norway, which annually surveys blue mussels (Mytilus edulis) for fecal indicator organisms such as Escherichia coli; since 2018, this program has also surveyed AMRin enterobacteria isolated from mussels (14, 15). Similarly, as part of their duties concerning seafood safety research and surveillance, the Norwegian Institute of Nutrition and Seafood Research conducted an initial assessment of the resistance status of enterobacteria isolated from bivalve mollusks found on the coast of the country between 2014 and 2015 (16). Recently, the UK’s Environmental Agency conducted a short study to assess the feasibility of using mollusk samples collected as part of microbiological and biotoxin monitoring programs to assess AMR. The findings of this study indicated that mollusks can be used as sentinel organisms for AMR monitoring in coastal waters (17).

Academia has also produced a substantial body of evidence that supports the use of mollusks as sentinels for monitoring AMR in the aquatic environment. Several studies have been conducted in different parts of the world to assess the resistance of various bacterial genera, including Vibrio [(e.g., 18)], Escherichia [(e.g., 19)], Salmonella [(e.g., 20)], Aeromonas [(e.g., 21)], Enterococcus [(e.g., 22)], among others, to different classes of antimicrobials. These resistant bacteria have been isolated primarily from mussels, oysters, clams, scallops, and cockles, collected from the natural environment. However, to the best of our knowledge, no published studies have evaluated the suitability of mollusks for AMR monitoring by comparing them to other environmental compartments such as seawater and/or marine sediments, using simultaneous sampling (i.e., samples are taken from the three compartments in the same site at the same time).

The first Chilean action plan against AMR was established in 2017, and the second plan, which covers the period from 2021 to 2025, is currently in operation. The main objective of the current plan is to develop an integrated surveillance system for selected microorganisms, which will progressively include information from the human, animal, and environmental spheres (23). Currently, the plan generates information from some clinical areas and production chains, but not from the environmental compartment, including the marine environment. This situation contrasts with the significant concern in the country about the role of salmon farming in the development, maintenance, and dissemination of AMR in the marine environment (24). This industry, which has been established in southern Chile for about 30 years and covers a significant part of its coastal waters, is known to use large amounts of antimicrobials (6). According to the National Fisheries and Aquaculture Service (SERNAPESCA), the consumption of antimicrobials by the Chilean salmon industry has fluctuated greatly over the last 15 years but has shown a consistent downward trend since 2022 (25, 26). In the last decade, the most commonly used antibiotics at the seawater stage were florfenicol and oxytetracycline, together accounting for 95% of total consumption; other antibiotics used during this period were flumequine, oxolinic acid, sulfa-trimethoprim, amoxicillin, tiamulin, and tilmicosin (27–37).

The only information available on the status of AMR in the marine environment of Chile has been generated by a limited group of studies. Some of these have evaluated AMR against drugs used in salmon farming, either in marine sediments (38, 39), seawater (40), or mollusks (41). Others have assessed resistance to human and veterinary antimicrobials in wild fish (42) or in seabirds (43). None of these studies assessed resistance in more than one environmental compartment at a time, so there is no evidence to indicate whether one compartment is more appropriate than another for monitoring resistance in the marine environment.

The objective of this study was to compare the sentinel capacity of mollusks, seawater, and sediments for AMR monitoring in the marine environment of Chile. For this purpose, E. coli was selected as an indicator bacteria, and the antimicrobials florfenicol, oxytetracycline, oxolinic acid, and flumequine were selected as target agents.



2 Materials and methods


2.1 Study area

The study was conducted in the Los Lagos region (41°28′ to 43°36′) in southern Chile. This area accounted for about 40.86% of the country’s salmon farming activity in 2023 (26). Chiloé also has the largest shellfish production in Chile, accounting for 97% of the national output. Ninety-five percent of the production comes from mussel farms, while the remaining 5% is harvested directly from natural beds (26). Although not included in the official records, the collection of shellfish from the intertidal zone along the coast is also an important economic activity in Los Lagos. The main human settlements in this area are Puerto Montt, Calbuco, and Ancud in the north, Castro in the center, and Quellón in the south, with a total population of 850,000 inhabitants.



2.2 Study design

The design was a cross-sectional study, and it aimed to compare the frequency of resistant E. coli isolates between three environmental compartments, namely mollusks, seawater, and sediments. For this purpose, 76 sampling sites were established along the northeastern coast of Chiloé Island, Calbuco, Reloncaví Bay, Reloncaví Estuary, and Hornopirén, representing different levels of human activity and industrial influence, including salmon farming. The final location of the sampling sites was determined by their accessibility, the presence of mollusks in the intertidal zone, and/or the existence of a shellfish farm from which mollusks could be obtained. One or more mollusk samples, one seawater sample, and one sediment sample were collected at each sampling site. Samples were collected in four campaigns distributed over June 2023 and April 2024.



2.3 Sample collection

Mollusk samples were collected from the intertidal zone at times of low tide using a shovel. Each sample consisted of a group of individuals of the same mollusk species in sufficient numbers to collect 100 g of soft tissue. If more than one species of mollusk was found at a particular sampling site, one sample was collected for each of the species, resulting in a sampling site with multiple mollusk samples. On a few occasions, mollusk samples were collected directly from shellfish farms. Mollusk samples were individually placed in plastic bags labeled with the sampling site code and the species. Water samples of 1 L were collected directly from the sea in 1.5 L plastic bottles previously washed with potable water. When the mollusk sample was collected from a shellfish farm, the water sample was collected from the farm’s surrounding waters. Sediment samples of 50 mL were collected from the intertidal zone using individual Falcon tubes; when the mollusk sample was obtained from a shellfish farm, the sediment sample was collected from the shore in front of the farm. The geolocation of each sampling site was recorded under the WGS84 datum using a Garmin GPS, model GPSMPA 64sc. All samples were individually labeled with the sampling site code and stored at refrigerated temperature until laboratory processing, which occurred within 24 h. All samples were treated and analyzed individually, even for samples obtained from the same sampling site.



2.4 Laboratory procedures


2.4.1 Sample processing

Once in the laboratory, mollusks from each sample were shelled using a sanitized shucking knife to obtain 100 g of soft tissue and intravalvar liquid. The contents were placed in sterile filter bags (Bagfilter®) with 100 mL of sterile 0.1% peptone diluent (1:1) and transferred to a homogenizer (Stomacher® 400 Circulator, Seward Ltd.) for 15 s. Each seawater sample was filtered using a vacuum filtration pump with a 0.45 μm-pore nitrocellulose membrane to recover E. coli. Membranes were prepared for inoculation onto tryptone bile X-glucuronide (TBX) agar plates (44). For sediment samples, two grams of sediment were extracted and then 18 mL of buffered peptone water were added to achieve a 1:10 concentration. The tubes were then shaken in an incubator shaker at 150 rpm for 30 min. The supernatant was then filtered using a vacuum filtration pump and a sterile membrane filter (0.45 μm) (45). Next, the filter was prepared for inoculation onto TBX agar plates.



2.4.2 E. coli isolation and enumeration

The most probable number (MPN) method, according to Walker et al. (46), was performed to estimate the concentration of viable E. coli in mollusk samples. To that end, three series of five tubes were filled with MMGB containing 1, 0.1, and 0.01 g of sample, respectively. The tubes were then incubated at 37 ± 1 °C for 24 ± 2 h, after which each tube that had turned yellow was spread onto TBX agar plates. The plates were then incubated at 44 °C for 21 ± 3 h. Positive results for the presence of E. coli were identified as greenish-blue colonies (44). Colonies were selected and stored at −20 °C in cryotubes for subsequent analysis. The number of plates with greenish-blue colonies from each dilution provided the MPN, which was then compared with the respective table to determine the number of colony-forming units in CFU per 100 g. For seawater and sediment samples, the membranes placed in the TBX plates were incubated at 44 °C for 21 ± 3 h. The presence of greenish-blue colonies was considered indicative of a positive sample. Enumeration was performed by directly counting the greenish-blue colonies on each membrane using a Suntex colony counter model 570, and expressing the result as CFU/100 g. Colonies were then selected by extracting them with a loop and stored at −20 °C in cryotubes for subsequent analysis.



2.4.3 Antimicrobial susceptibility testing

Phenotypic resistance was assessed by estimating the minimum inhibitory concentration (MIC). MIC was estimated using the plate microdilution method (47). For this, 96-well U-bottom plates were previously filled with the antibiotics florfenicol, oxytetracycline, oxolinic acid, and flumequine. Twelve concentrations ranging from 0.25 to 512 μg/mL were used, with 50 μL of the drug filled into each well. Samples were analyzed in duplicate, and strain E. coli ATCC 25922 was used for quality control, as recommended by the Clinical and Laboratory Standards Institute (CLSI) (47). To prepare the inoculum, previously frozen beds in cryo-tubes were extracted and spread on Tryptic Soy Agar (TSA). The plates were then incubated for 24 h at 35 °C to allow the growth of E. coli colonies. Then, the suspension was transferred to Mueller-Hinton 2 (MH2), and its optical density was measured using a photometric device to obtain a suspension approximately 1 to 2 × 108 CFU/mL. Finally, 50 μL of the inoculum were placed in each well of the microplate, resulting in a final volume of 100 μL (5 × 105 CFU/mL). The plates were then incubated at 35 ± 2 °C for 16 to 20 h. MICs were determined by the unaided eye.




2.5 Statistical procedures


2.5.1 Categorization of isolates as wild-type or non-wild-type

E. coli isolates from each compartment were categorized as wild-type (WT) or non-wild-type (NWT), based on the establishment of a local epidemiologic cut-off value (COwt), which was calculated from the observed MIC values. WT isolates were those that did not show any phenotypic resistance in antimicrobial susceptibility testing, whereas NWT isolates showed variable levels of tolerance (47). COwt represents the upper MIC limit of the distribution obtained from the fully susceptible members (i.e., WT population) of a bacterial species. Antimicrobial-specific COwt was calculated using the Normalized Resistance Interpretation (NRI) method (48), implemented in an automated spreadsheet available at https://www.bioscand.se/nri/. Briefly, the NRI method reconstructs the WT population in a MIC distribution for a given bacterial species challenged with a particular antimicrobial agent, producing a normal distribution for WT isolates; subsequently, cut-off values are set at +2.0 SD above the mean of the reconstructed normal distribution. In our case, the COwt was calculated considering the MIC values of all isolates, regardless of the type of sample from which they originated; therefore, the same COwt was used to categorise isolates in each of the three compartments. This procedure was repeated for each of the four antimicrobials studied.



2.5.2 Comparing the sentinel capacity of the mollusk, seawater, and sediment compartments for AMR monitoring in the marine environment

The suitability of mollusks for monitoring resistant E. coli compared to seawater and sediment was assessed using two logistic regression models. The first model determined which compartment had a higher probability of E. coli isolation, regardless of WT or NWT status. The second model estimated whether NWT E. coli were more likely to be isolated from a particular compartment. The outcome of the first model was the log-odds of isolating E. coli, while the outcome of the second model was the log-odds of isolating an NWT E. coli strain. The main exposure in both models was the compartment from which the sample was collected, represented by a 3-level categorical variable, with the categories being mollusks (reference), seawater, and sediment. Because contexts with a high bacterial load are prone to the development and transmission of AMR (49), a four-level categorical variable representing the bacterial load was included in the second regression model. Categories were defined as low (reference), medium, high, and very high bacterial load. This variable was constructed from the results of E. coli enumeration measured in each sample, either MPN/100 g in the case of mollusk samples, or CFU/L or CFU/g, in the case of water and sediment samples, respectively, by establishing cut-off points at the 25th, 50th, and 75th percentiles. The second model was built for each of the four antimicrobials under study. The equations for the two models are as follows:
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where P is the probability of isolating E. coli (Equation 1) or the probability of isolating a NWT E. coli strain (Equation 2); 
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 are the regression coefficients associated with the bacterial load.

In the two models, the strength of associations between predictors and the outcome was expressed as odds ratios (OR). Model fit will be assessed using the Pearson 

χ
2

 statistic, as recommended when the model includes categorical variables (50).

Patterns of isolation and resistance at the site level were explored using multiple correspondence analysis (MCA). Specifically, MCA evaluated the proximity of three possible conditions per antimicrobial—no isolation, WT, or NWT—across sites. For sites with multiple mollusk samples, the sample with the worst condition (WT or NWT) was used to represent the site. MCA was limited to the derivation of two dimensions. The relationships between the isolation and resistance conditions between sampling sites were plotted by a two-dimensional correspondence map. All statistical analyses were performed using Stata IC version 15 (StataCorp, College Station, TX, United States).





3 Results

A total of 101 mollusk samples were collected, of which 87.1% belonged to the class Bivalvia and 12.9% to the class Gastropoda. The most collected bivalve species were mussels (81.2%), including Mytilus chilensis, Perumytilus purpuratus, Aulacomya atra, and Choromytilus chorus, clams (4.0%), and oysters (2.0%), while gastropods were mainly represented by limpets (Fissurella sp.; 7.9%) and snails (Tegula atra; 4.9%). A single mollusk sample was collected at 57 sampling sites, two samples were collected at 16 sites, and three, four, or five samples were collected at one site. As planned, 76 seawater samples and an equal number of sediment samples were collected from the sampling sites.

E. coli was isolated from 82.2% of the mollusk samples, 93.4% of the water samples, and 38.7% of the sediment samples. Among mollusks, E. coli was found in 83.0% of bivalves and 76.9% of gastropods. After adjusting for multiple comparisons, model 1 shows that the probability of isolating E. coli was significantly higher in mollusks (p < 0.001) and seawater (p < 0.001) when compared to sediments. However, there were no significant differences between mollusks and seawater samples (p = 0.102).

MIC median values for florfenicol in the three compartments were 16 μg/mL with a minimum ranging between 4 and 8 μg/mL, and a maximum of ≥512 μg/mL. In the case of oxytetracycline, the median of MIC was 8 μg/mL (range 1 – ≥ 512 μg/mL) in mollusks, 16 μg/mL (range 1– ≥ 512 μg/mL) in seawater, and 8 μg/mL (range 2– ≥ 512 μg/mL) in sediments. MIC median values for oxolinic acid reached 0.25 μg/mL (range ≤0.25–128) in mollusk samples, 0.5 μg/mL (range ≤0.25– ≥ 512 μg/mL) in seawater samples, and 0.25 μg/mL (range ≤0.25– ≥ 512 μg/mL) in sediment samples. Finally, median MIC values for flumequine across compartments were 0.50 μg/mL (range ≤0.25–128 μg/mL) in mollusks, 1 μg/mL (range 0.5–≥ 512 μg/mL) in seawater, and 0.50 μg/mL (range ≤0.25– ≥ 512 μg/mL) in sediments (Table 1).


TABLE 1 Distribution of minimum inhibitory concentrations (MIC) for florfenicol, oxytetracycline, oxolinic acid, and flumequine for the 184 E. coli strains isolated from the mollusk, seawater, and sediment compartments.


	Anti-microbial
	Compartment
	Minimum inhibitory concentration (μg/mL)
	p50
	n
	% NWT*



	≤0.25
	0.5
	1
	2
	4
	8
	16
	32
	64
	128
	256
	≥512

 

 	Florfenicol 	Mollusks 	 	 	 	 	4 	18 	51 	8 	 	 	 	2 	16 	83 	2.41


 	Seawater 	 	 	 	 	 	18 	29 	12 	2 	 	3 	7 	16 	71 	16.90


 	Sediments 	 	 	 	 	 	11 	15 	2 	1 	 	 	1 	16 	30 	6.67


 	Oxy-tetracycline 	Mollusks 	 	 	4 	3 	5 	34 	23 	1 	2 	 	8 	3 	8 	83 	13.25


 	Seawater 	 	 	2 	2 	7 	22 	10 	4 	4 	1 	11 	8 	16 	71 	28.17


 	Sediments 	 	 	 	2 	8 	12 	3 	1 	 	 	2 	2 	8 	30 	13.33


 	Oxolinic acid 	Mollusks 	59 	16 	6 	 	 	1 	 	 	 	1 	 	 	0.25 	83 	2.41


 	Seawater 	22 	22 	8 	2 	8 	1 	3 	1 	 	 	 	4 	0.50 	71 	26.76


 	Sediments 	18 	7 	1 	1 	 	1 	 	 	1 	 	 	1 	0.25 	30 	13.33


 	Flumequine 	Mollusks 	5 	61 	12 	2 	1 	 	 	1 	 	1 	 	 	0.50 	83 	3.61


 	Seawater 	 	25 	23 	3 	4 	3 	1 	2 	3 	3 	1 	3 	1 	71 	28.17


 	Sediments 	4 	18 	3 	2 	 	 	1 	 	 	1 	 	1 	0.50 	30 	10.00





Cells in gray depict E. coli strains that had MIC values above the antibiotic-specific COwt value. *NWT, non-wild-type isolates.
 

COwt values were calculated as 32 μg/mL for florfenicol, 64 μg/mL for oxytetracycline, 1 μg/mL for oxolinic acid, and 2 μg/mL for flumequine. Accordingly, the percentages of NWT E. coli strains for florfenicol were 2.4% in mollusks, 16.9% in seawater, and 6.7% in sediments. In the case of oxytetracycline, NWT E. coli isolates accounted for 13.3% in mollusks, 28.2% in seawater, and 13.3% in sediments. The percentages of NWT isolates of E. coli for oxolinic acid across compartments were 2.4, 26.8 and 13.3% for mollusks, seawater and sediments, respectively. Finally, in the case of flumequine E. coli NWT strains represented 3.6% in mollusk, 28.2% in seawater and 10.0% in sediment samples (Table 1). Among the mollusk samples from which NWT E. coli could be isolated, 89% were bivalves.

The median concentration of E. coli in mollusk samples was 170 MPN/100 g with a range of 20 to 9,200 MPN/100 g. In seawater samples, the median E. coli load was 26 CFU/L with a range between 1 and 500 CFU/L, while in sediment samples, the median E. coli concentration was 3 UFC/g with a range between 1 and 56 CFU/g.

Model 2 shows that the probability of isolating NWT E. coli strains significatively depends on the environmental compartment for the four antimicrobials under study; in particular, this dependency was highly dominated by significant differences observed between the seawater and the mollusk compartments. After penalizing for multiple comparisons NWT E. coli strains were significantly more likely to be isolated from seawater samples than from mollusk samples when testing for florfenicol (OR = 8.2, p = 0.021), oxolinic acid (OR = 20.0, p = 0.001), and flumequine (OR = 12.9, p < 0.001; Tables 2, 3). It was also more likely to isolate NWT E. coli from seawater than from mollusks when testing for oxytetracycline, but this association was borderline significant (OR = 20.0, p = 0.001). No significant differences were found between mollusks and sediments, or between seawater and sediments for the four antimicrobials (Tables 2, 3). Model 2 also indicates that variations in E. coli load in samples significantly impacted the probability of isolation of NWT E. coli strains, but only when monitoring resistance to oxytetracycline (p = 0.001), oxolinic acid (p = 0.001), or flumequine (p = 0.004), especially when comparing low to very high E. coli loads (Table 2).


TABLE 2 Logistic regression models comparing the likelihood of detecting NWT E. coli in the mollusk, seawater, and sediment compartments for the four antimicrobials studied.


	Variable
	Florfenicol
	Oxytetracycline
	Oxolinic acid
	Flumequine



	Odds ratio
	Standard error
	p-value*
	Odds ratio
	Standard error
	p-value*
	Odds ratio
	Standard error
	p-value*
	Odds ratio
	Standard error
	p-value*

 

 	Intercept 	0.025 	0.018 	<0.001 	0.105 	0.061 	<0.001 	0.017 	0.015 	<0.001 	0.033 	0.026 	<0.001


 	Compartment (mollusk as reference) 	 	 	0.018 	 	 	0.043 	 	 	0.001 	 	 	<0.001


 	  Seawater 	8.237 	6.447 	0.007 	2.866 	1.273 	0.018 	20.039 	16.056 	<0.001 	12.917 	8.697 	<0.001


 	  Sediment 	2.893 	2.962 	0.299 	1.098 	0.732 	0.889 	8.047 	7.594 	0.027 	3.636 	3.224 	0.145


 	E. coli load (low as reference) 	 	 	 	 	 	0.001 	 	 	0.001 	 	 	0.004


 	  Medium 	 	 	 	0.315 	0.247 	0.141 	0.239 	0.225 	0.128 	0.194 	0.176 	0.070


 	  High 	 	 	 	1.345 	0.847 	0.638 	0.637 	0.507 	0.571 	0.658 	0.478 	0.564


 	  Very high 	 	 	 	3.781 	2.257 	0.026 	4.359 	3.078 	0.037 	2.953 	1.943 	0.100





*Bolded p-values indicate significant variables (p ≤ 0.05).
 


TABLE 3 Pairwise comparisons of marginal linear predictions of the log odds of NWT E. coli detection across environmental compartments, based on models shown in Table 2.


	Comparison
	Florfenicol
	Oxytetracycline
	Oxolinic acid
	Flumequine



	Contrast
	p value
	Contrast
	p value
	Contrast
	p value
	Contrast
	p value

 

 	Seawater vs. mollusks 	2.109 	0.021 	1.053 	0.053 	2.998 	0.001 	2.556 	<0.001


 	Sediment vs. mollusks 	1.062 	0.898 	0.093 	1.000 	2.085 	0.081 	1.291 	0.436


 	Sediment vs. seawater 	−1.046 	0.797 	−0.960 	0.414 	−0.912 	0.554 	−1.268 	0.245





p-values are adjusted with the Bonferroni method.
 

The first and the second derived dimension in the MCA analysis together accounted for 56.8% of the total variability of the isolation and resistance status across sampling sites (first dimension = 32.1%; second dimension = 24.7%). The two-dimensional correspondence plot shows different groups of conditions that correspond to identifiable isolation-resistance patterns. When WT E. coli were isolated from seawater, they were usually also isolated from mollusks, but not from sediments, where the frequency of E. coli isolation was lower. In contrast, when oxytetracycline, oxolinic acid, or flumequine NWT E. coli was detected in seawater, they were usually not found in either mollusks or sediments. In cases when the NWT E. coli detected in seawater was associated to florfenicol, it was never detected in mollusks; however, NWT bacteria related to the other three antimicrobials were generally detected in the same or different compartments (Figure 1). The most commonly found resistance profiles were “oxytetracycline-oxolinic acid-flumequine” (26%), predominant in seawater, and “oxytetracycline” (26%), predominant in mollusks. Other notable resistance profiles were “florfenicol” (12%), which was only present in E. coli isolated from seawater; “florfenicol-oxytetracycline-oxolinic acid-flumequine” (10%), which was only present in seawater and sediments; “oxolinic acid-flumequine” (10%), which was predominant in seawater; and “florfenicol-oxytetracycline” (8%), which was present in all three compartments. Profiles with frequencies lower than 5% were “flumequine,” “oxolinic acid,” and “florfenicol-oxolinic acid-flumequine” (Table 4).

[image: MCA coordinate plot showing multiple data points categorized by type and material. The x-axis is dimension 1 (32.1%) and the y-axis is dimension 2 (24.7%). Points are labeled by type, such as FLO, OXY, OXO, and FLU, with subcategories including molluscs, seawater, and sediments. A legend identifies each category with color-coded diamonds.]

FIGURE 1
 Two-dimension correspondence map for patterns of E. coli isolation and NWT E. coli detection observed at the sampling site level (ni, no isolation; wt, wild-type; nwt: non-wild-type; FLO, florfenicol; OXY, oxytetracycline; OXO, oxolinic acid; FLU, flumequine).



TABLE 4 Resistance profiles of NWT E. coli isolates by environmental compartment.


	Resistance profile
	Compartment
	Frequency



	Mollusks
	Seawater
	Sediments

 

 	OXY-OXO-FLU 	1 	11 	1 	13


 	OXY 	8 	4 	4 	13


 	FLO 	0 	6 	0 	6


 	FLO-OXY-OXO-FLU 	0 	4 	1 	5


 	OXO-FLU 	1 	3 	1 	5


 	FLO-OXY 	2 	1 	1 	4


 	FLU 	1 	1 	0 	2


 	FLO-OXO-FLU 	0 	1 	0 	1


 	OXO 	0 	0 	1 	1


 	Total 	13 	31 	6 	50





FLO, florfenicol; OXY, oxytetracycline; OXO, oxolinic acid; FLU, flumequine.
 



4 Discussion

This study aimed to evaluate the convenience of using mollusks for AMR monitoring in the marine environment compared to both the seawater and the sediment compartments. As a first aspect to consider, it is important to highlight that the compartment with the highest probability of detecting E. coli was seawater, contradicting the idea that mollusks, due to their ability to concentrate pollutants in their organism (51), will generally have a greater bacterial load than other environmental compartments. In fact, our results indicate that in some sampling sites, E. coli was detected in seawater only; this could be the result of pulses of microbiological contamination that first impact the seawater and then spread to other compartments in the marine environment. Since the level of fecal coliform in seawater is affected by environmental variables (e.g., salinity, temperature, solar radiation, and rainfall) (52) and the proximity to pollution sources (53), the probability of isolating E. coli from seawater, sediments or microbiota is dependent on local-scale factors. This is consistent with a notable variability in the results of studies aimed at quantifying or detecting (fecal) coliforms or E. coli in different compartments of aquatic environments; in some of these studies it was reported that bacteria contamination was more frequently detected in mollusks or sediments than in seawater [(e.g., 54)], in others the percentage of isolation in seawater was higher than in the mollusk [(e.g., 55)], while in others mixed results were reported [(e.g., 56)]. Our results may be explained by the high spatio-temporal variability of the fecal coliform load in seawater in the study area, characterized by relatively low mean values in most of the locations (e.g., Calbuco: 3.0 MPN/100 g, Canal Dalcahue: 3.0 MPN/100 g, Canal Yal: 3.0 MPN/100 g, Pargua: 1.0 MPN/100 g, Quellón: 8.0 MPN/100 g), but with significant temporal peaks in areas near Puerto Montt (mean: 1,121 MPN/100 g) and Castro (mean: 297 MPN/100 g) (57). Local conditions in the study area may also explain the relatively greater proportion of E. coli isolation from mollusks in our study (82.2%), compared to similar studies in Norway, where the proportion of bacterial isolation in mollusks was 67% for E. coli (15) and 36% for enterobacteriaceae, including E. coli, Klebsiella, Citrobacter and Enterobacter (16). In any case, our results should be interpreted in light of the fact that we did not perform a specific confirmatory test during the isolation and enumeration of E. coli; rather, we relied on the selective capacity of the TBX growth medium. This may result in the growth of bacteria other than E. coli with some β-glucuronidase capacity, such as Shigella, Klebsiella, Enterobacter, or Citrobacter (58). However, a study using TBX agar as a selective medium and MALDI-TOF as a confirmatory method for water samples determined that the probability of false positives was only 0.7% (44). Therefore, while we acknowledge the possibility of having isolated bacteria other than E. coli in our study, this possibility is very low.

Although the seawater compartment appears to be the most suitable for isolating E. coli, the characteristics of water, particularly when affected by currents and wind, imply that contaminants exhibit a very high spatial and temporal variability. This can result in inconsistent results when samples are taken from the same location at different times, which is an undesirable feature for a monitoring system. Sediments, however, reflect a more stable reality over time as they provide favorable conditions for the survival of fecal indicator bacteria (59), thus ensuring more consistent results. The relatively low percentage of E. coli isolation in sediments in our study may be due to the lower bacterial retention capacity described in sandy beaches due to their larger sediment grain size in the intertidal zone (60), which was the type of beaches from which we collected our samples.

Failing to incorporate environmental variables in this study may significantly limit the interpretation of differences observed between the three environmental compartments. Temperature and salinity have been identified as environmental factors that significantly impact the level of fecal coliforms in the marine environment (52). Similarly, an increase in seawater temperature has been linked to a higher frequency of horizontal gene transfer and to a heat shock response in E. coli (61). Furthermore, salinity has been reported to significantly affect the composition of resistance genes in marine bacteria (62). Therefore, as temperature, salinity and other environmental variables were not considered, these findings should be interpreted with caution.

Since mineral water bottles were used to collect seawater samples instead of for sterile, quality assurance (QA)-verified sampling containers, the possibility of sample contamination cannot be ruled out. However, given Chile’s strict regulations governing drinking and bottled water, which require the absence of E. coli per 100 mL (0 CFU/100 mL) (63), the likelihood of sealed water bottles being contaminated with this bacterium and reaching retail outlets is extremely low.

In general, the observed range of MIC values for the same antibiotic in mollusks, seawater and sediments were similar, suggesting that resistant bacteria populations and ARGs move across the different environmental compartments, and/or that the concentration of antimicrobials in the three compartments is high enough to exert equivalent ecotoxicological effects. Exceptions to this pattern were observed for oxolinic acid and flumequine, where the highest MIC values observed in mollusks were two concentrations lower than those recorded in seawater and sediments (128 vs. 512 μg/mL). This might be explained by the low bioaccumulation in benthic macrobiota described in general for quinolones (64), and in particular for flumequine and oxolinic acid when compared to oxytetracycline (65, 66). This is consistent with the lower recovery percentage of flumequine with respect to oxytetracycline and florfenicol found in marine invertebrates in the context of recovery studies (67). It is important to note that the lowest MIC values for florfenicol and oxytetracycline in mollusks observed in our study were substantially higher than those reported by Ramírez et al. (41) for the same antimicrobials in heterotrophic bacteria isolated from mussels (Mytilus spp.) in southern Chile. Moreover, the highest MIC values for oxytetracycline in mollusk-isolated E. coli described in our study were two orders of magnitude higher than those reported for the bacterial community studied by Ramírez et al. (41) (128 vs. ≥512 μg/mL). These facts suggest that the E. coli isolated from mollusks in our study represent a bacterial population that was somehow more exposed to these antimicrobials than typical shellfish microbiota from the same geographical area, which are comparatively more sensitive.

Our findings indicate that the seawater compartment contained a higher frequency of MIC values above the COwt (i.e., % NWT isolates) compared to mollusks and sediment samples; this occurred for the four antimicrobials studied. In the case of florfenicol, the percentage of NWT E. coli isolates in seawater was seven times higher than in mollusks and 2.5 times higher than in sediment samples. Considering that a key factor in the development of bacterial resistance in the marine environment is the concentration of antimicrobials in the different compartments (2), these results are expected since florfenicol is a molecule with a low tendency to associate with particles, thus remaining in the seawater longer than in other compartments of the marine environment (68); this is confirmed by experiments where florfenicol is no longer detectable in sediments and benthic macrofauna as early as 1 week after application (69) and by observational studies where florfenicol is also not detected in sediments at a site only 20 meters away from an active farm (38). The relatively low proportion of florfenicol-NWT E. coli found in mollusks in our study (2.4%) is consistent with studies conducted in Norway, where the frequency of amphenicol-resistant enterobacteriaceae isolated from mussels was 5% (16). This suggests that despite the sustained use of florfenicol by the respective salmon industries (25, 70), mussels do not appear to be significant reservoirs of resistance associated with this antimicrobial.

Considering that between 2017 and 2021 the odds of florfenicol to oxytetracycline treatments in the Chilean salmon industry was 2.6:1 (71), at first glance, it seems paradoxical that the percentage of NWT E. coli for oxytetracycline in the three compartments in our study was substantially higher than that for florfenicol. The greater level of resistance to oxytetracycline, despite its relatively lower use, may be in part explained by the higher persistence of oxytetracycline in marine sediments and benthic macroinvertebrates compared to florfenicol, as demonstrated by a field experiment conducted by González-Gaya et al. (69). Another study carried out between 2018 and 2019 in a few locations within the same area of our study reported a higher percentage of resistance to florfenicol than to oxytetracycline (19.2% vs. 8.4%) in bacteria isolated from mussels (Mytilus spp.) (41). A closer look at the supplementary data of this study revealed that florfenicol was used 370 times more than oxytetracycline in terms of defined daily doses (DDDvet) in the salmon farm neighborhoods where the mussel sampling sites were located, suggesting that local AMR is strongly influenced by the particular conditions of antimicrobial use in nearby salmon farms. Regarding the high percentage of E. coli NWT in seawater observed in our study, it is interesting to note that another study carried out in the same area obtained comparable results. In this study, 28.3% of the bacterial strains isolated from seawater samples were resistant to oxytetracycline (40); however, it is important to note that the samples were obtained from only two sites, so their representativeness for the study area may be questioned. The relatively high proportion of oxytetracycline-resistant E. coli strains in the seawater compartment may be due to the fact that this agent has a high solubility in water (72), which determines that when used in aquaculture, it is present in relatively high concentrations in the water phase compared to sediments (72, 73). The proportion of oxytetracycline NWT E. coli isolated from mollusks in our study was 13.25%, which is greater than the reported prevalence of tetracycline-resistant enterobacteriaceae (8%) and E. coli (5.7%) isolated from mollusks in Norway (15, 16).

The presence of NWT E. coli isolates for the quinolones oxolinic acid and flumequine was surprising given that these active ingredients have not been used in salmon farming in Chile since 2014 (29) and 2018 (33), respectively. However, studies evaluating the impact of antimicrobial-free animal production systems have shown that the decline of phenotypic resistance following the cessation of antimicrobial use (i.e., phenotypic reversion) can take several years, depending on the bacterial species and the antimicrobial resistance mechanism (74). Interestingly, a meta-analysis found that among several antimicrobials evaluated (fluoro)quinolones was the only antimicrobial class associated with a higher prevalence of resistant bacteria in animal farms without antimicrobial use, highlighting past (fluoro)quinolone use as a potential determinant (75). This may indicate that resistance to quinolones is more persistent than to other antimicrobials in the environment. It is important to note that the proportion of quinolone-NWT E. coli observed in mollusks in our study (2.4% for oxolinic acid and 3.6% for flumequine) was similar to that found in enterobacteriaceae and E. coli isolated from mussels in Norway (15, 16).

If it is assumed that the observed differences in the proportion of NWT E. coli across environmental compartments is a reflect of the differential accumulation of antimicrobials in these compartments, the relatively low proportion of NWT E. coli isolates for oxolinic acid in mollusks and sediments compared to seawater may be explained by its relatively low likelihood to be transferred from seawater to sediments (76), low bioaccumulation rate in aquatic organisms (66) and a relatively fast natural attenuation in marine sediments (half-life of 26.7 days) (76). Following the same argumentation, the greater proportion of NWT E. coli for flumequine in seawater may be explained by its great affinity for suspended particles compared to sediments, which explains that flumequine has been detected in seawater nearby salmon farms but not in their sediments 12 months after a flumequine treatment (77).

It is important to note that among all the pairwise comparisons of the percentage of NWT isolates between compartments, only the comparison between seawater and mollusks was statistically significant, favoring the seawater compartment (Table 3). These significant differences were observed when evaluating florfenicol, oxolinic acid, and flumequine; differences favoring the mollusk compartment were also observed in the case of oxytetracycline, but they were borderline significant (Table 3). Our results also suggest that the probability of detecting NWT E. coli isolates increases as the concentration of E. coli in the compartment increases; this is consistent with previous research that has identified fecal pollution as a key driver of antimicrobial resistance in anthropogenically impacted environments (49, 78), and particularly in aquaculture settings where an increased risk of detecting resistant E. coli was found for samples with E. coli concentrations above the threshold for direct human consumption (15). The persistence of quinolone resistance in seawater, mollusks, and sediments demonstrates that aquaculture activity may have long-term effects on the marine environment. This suggests that environmental AMR surveillance programs should monitor resistance to both currently and previously used antimicrobials. This is particularly important for the Chilean salmon industry, given that a variety of antibiotics have been used sporadically or for short periods in the past, in addition to the widely used florfenicol and oxytetracycline. It is not yet known whether environmental bacteria have developed resistance to these antimicrobials.

From a practical point of view, the likelihood of detecting NWT E. coli strains in a particular environmental compartment is given by the probability of isolating E. coli in the compartment multiplied by the probability of the isolated E. coli strain being NWT in that compartment. For example, according to models 1 and 2, the probability of isolating E. coli from seawater and the probability of that E. coli being NWT for florfenicol in the same compartment are 0.934 and 0.169, respectively, resulting in a joint probability of 0.158. Following the same procedure, the calculated joint probability of detecting florfenicol NWT E. coli strains for mollusks was 0.020, while for the sediment compartment it was 0.026. This suggests that mollusks are the sample type least likely to successfully detect florfenicol-NWT E. coli strains. Again, according to models 1 and 2, the joint probability of detecting NWT E. coli strains in the seawater compartment for oxytetracycline, oxolinic acid, and flumequine was 0.260, 0.245, and 0.256, respectively, which exceeded that of the mollusk compartment by between 2 and 12 orders of magnitude, and that of the sediment compartment by between 4 and 8 orders of magnitude. According to this rationale, the more appropriate compartment for monitoring AMR in the marine environment of the study area is seawater.

The mollusks sampled in this study belong to the classes Bivalvia and Gastropoda, which have different feeding behaviors. While bivalves feed by filtering suspended particles, having more direct contact with seawater, limpets and snails are mainly grazing herbivores, scraping food from surfaces (79). However, these differences did not affect the results of this study. When gastropods were excluded from the analysis, the probability of isolating E. coli in the mollusk compartment increased slightly, from 0.822 to 0.829. Similarly, the prevalence of florfenicol-NWT E. coli in mollusks decreased by only 1%, whereas the prevalence of oxytetracycline, oxolinic acid and flumequine NWT E. coli increased by negligible amounts (<0.5%). These changes in probabilities and prevalences did not affect the significance of the statistical models.

Regarding the isolation and resistance patterns observed at the sampling site level, the MCA analysis suggests that in most of the sites, E. coli was isolated simultaneously from mollusks and seawater, but not from sediments; only on a few occasions, E. coli was found in either seawater or mollusks. This indicates a high degree of concordance in E. coli isolation between the seawater and the mollusk compartments. At the same time, the MCA analysis shows that when NWT E. coli was detected for florfenicol in seawater, it was generally also detected in the same compartment for oxytetracycline, for oxolinic acid, and for flumequine. Detection of resistant E. coli in other compartments was not as consistent among the four antibiotics studied. These results support the idea that seawater is the most appropriate compartment for monitoring AMR of aquaculture origin in the Chilean marine environment.

It is not appropriate to generalize these results beyond the Chilean context because no studies have examined antimicrobial resistance in different environmental compartments simultaneously. Therefore, it is unclear whether the seawater compartment is also the most appropriate for monitoring antimicrobial resistance in other contexts. However, our study’s results reveal patterns that could be replicated elsewhere. For instance, the fact that the seawater compartment was consistently associated with the highest percentage of NWT E. coli strains despite the different physicochemical characteristics of the antimicrobials studied, could be due to relatively high levels of fecal contamination (57), together with high emissions of antimicrobials, resistant bacteria, and resistance genes from salmon farms (38, 39), which primarily enter the marine environment through seawater. These conditions are certainly not unique to Chile, so similar results to those of our study could be found in other places with large human settlements and intense aquaculture activity.



5 Conclusion

The results of this study confirm that mollusks are suitable organisms for monitoring AMR of aquaculture origin in the marine environment of Chile; however, based on the frequency of isolation of E. coli and the frequency of detection of NWT E. coli, it appears that monitoring AMR directly from seawater is a more efficient strategy. These results should draw the attention of authorities responsible for designing and implementing antimicrobial resistance action plans in Chile and elsewhere that have decided or are considering using mollusks as environmental sentinels for AMR monitoring, as it is possible that other environmental compartments may be more susceptible to the accumulation of antimicrobial resistance traits.



Data availability statement

The raw data that supports the conclusions of this article can be made available upon request to the corresponding author.



Ethics statement

Ethical approval was not required for the study involving animals in accordance with the local legislation and institutional requirements because this study sampled marine mollusks, so the animal ethics committee did not consider necessary an ethical approval.



Author contributions

GA: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. LC: Data curation, Formal analysis, Investigation, Methodology, Writing – original draft, Writing – review & editing. FF: Data curation, Formal analysis, Investigation, Methodology, Writing – original draft, Writing – review & editing. NR: Data curation, Formal analysis, Investigation, Methodology, Writing – original draft, Writing – review & editing. IM: Data curation, Formal analysis, Investigation, Methodology, Project administration, Resources, Supervision, Validation, Writing – original draft, Writing – review & editing. LL: Writing – original draft, Writing – review & editing. NG: Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work was funded by the Fondo Nacional de Desarrollo Científico y Tecnológico (FONDECYT) grant number 11220798, awarded by the Agencia Nacional de Investigación y Desarrollo de Chile (ANID).



Acknowledgments

The authors would also like to thank Catherine Monsalve, Viviana Sandoval, Liliam Monsalve and Claudia Foerster from the Food Safety Laboratory (LIA) at the Universidad de O’Higgins for kindly providing equipment, infrastructure and advice on sample processing and bacterial isolation, and Professor Ernesto San Blas from the Universidad de O’Higgins for his support and advice during the fieldwork of the first campaign. GA especially thanks Javiera Arriagada, Eduardo Arriagada, and Natalia Reyes for their helpful contribution and enthusiasm during the fieldwork of the third campaign.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The author(s) declare that no Gen AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References
	 1. Naghavi,M, Vollset,SE, Ikuta,KS, Swetschinski,LR, Gray,AP, Wool,EE , et al. Global burden of bacterial antimicrobial resistance 1990–2021: a systematic analysis with forecasts to 2050. Lancet. (2024) 404:1199–226. doi: 10.1016/S0140-6736(24)01867-1 
	 2. Larsson,DGJ, and Flach,CF. Antibiotic resistance in the environment. Nat Rev Microbiol. (2022) 20:257–69. doi: 10.1038/S41579-021-00649-X 
	 3. Smith,P. Antimicrobial resistance in aquaculture. Revue scientifique et technique (International Office of Epizootics). (2008) 27:243–64. doi: 10.20506/rst.27.1.1799
	 4. Baquero,F, Martínez,JL, and Cantón,R. Antibiotics and antibiotic resistance in water environments. Curr Opin Biotechnol. (2008) 19:260–5. doi: 10.1016/j.copbio.2008.05.006 
	 5. Muziasari,WI, Pärnänen,K, Johnson,TA, Lyra,C, Karkman,A, Stedtfeld,RD , et al. Aquaculture changes the profile of antibiotic resistance and mobile genetic element associated genes in Baltic Sea sediments. FEMS Microbiol Ecol. (2016) 92:fiw052. doi: 10.1093/femsec/fiw052 
	 6. Miranda,CD, Godoy,FA, and Lee,MR. Current status of the use of antibiotics and the antimicrobial resistance in the chilean salmon farms. Front Microbiol. (2018) 9:1284. doi: 10.3389/fmicb.2018.01284 
	 7. Navarrete,P, Mardones,P, Opazo,R, Espejo,R, and Romero,J. Oxytetracycline treatment reduces bacterial diversity of intestinal microbiota of Atlantic salmon. J Aquat Anim Health. (2008) 20:177–83. doi: 10.1577/h07-043.1 
	 8. Cabello,FC, Godfrey,HP, Buschmann,AH, and Dölz,HJ. Aquaculture as yet another environmental gateway to the development and globalisation of antimicrobial resistance. Lancet Infect Dis. (2016) 16:e127–33. doi: 10.1016/S1473-3099(16)00100-6 
	 9. Schmidt,AS, Bruun,MS, Dalsgaard,I, Pedersen,K, and Larsen,JL. Occurrence of antimicrobial resistance in fish-pathogenic and environmental bacteria associated with four Danish rainbow trout farms. Appl Environ Microbiol. (2000) 66:4908–15. doi: 10.1128/AEM.66.11.4908-4915.2000 
	 10. Alonso,A, Sánchez,P, and Martínez,JL. Environmental selection of antibiotic resistance genes. Environ Microbiol. (2001) 3:1–9. doi: 10.1046/j.1462-2920.2001.00161.x 
	 11. World Health Organization, Food and Agriculture Organization of the United Nations & International Office of Epizootics. Report of a joint FAO/OIE/WHO expert consultation on antimicrobial use in aquaculture and antimicrobial resistance, Seoul, Republic of Korea, 13–16 June 2006. Geneva: World Health Organization (2006).
	 12. Iossa,G, and White,PCL. The natural environment: a critical missing link in national action plans on antimicrobial resistance. Bull World Health Organ. (2018) 96:858–60. doi: 10.2471/blt.18.210898 
	 13. Nielsen,M, Kausrud,K, Simonsen,GS, Steinbakk,M, Trosvik,P, Wester,AL , et al., (2022). Antimicrobial resistance in the environment. Scientific Opinion of the Panel on Microbial Ecology. VKM Report 2022: 28. Norwegian Scientific Committee for Food and Environment (VKM), Oslo, Norway.
	 14. Institute of Marine Research. (2018). Screening for antimicrobial resistant bacteria in marine bivalves (in Norwegian). Rapport fra Havforskningen, Norway. 10–2018.
	 15. Svanevik,CS, Norström,M, Lunestad,BT, Slettemeås,JS, and Urdahl,AM. From tide to table: a whole-year, coastal-wide surveillance of antimicrobial resistance in Escherichia coli from marine bivalves. Int J Food Microbiol. (2023) 407:110422. doi: 10.1016/j.ijfoodmicro.2023.110422 
	 16. Grevskott,DH, Svanevik,CS, Sunde,M, Wester,AL, and Lunestad,BT. Marine bivalve mollusks as possible indicators of multidrug-resistant Escherichia coli and other species of the Enterobacteriaceae family. Front Microbiol. (2017) 8:24. doi: 10.3389/fmicb.2017.00024 
	 17. Environment Agency. (2023). Shellfish as bioindicator for coastal antimicrobial resistance [report]. Environment Agency. Available online at: https://assets.publishing.service.gov.uk/media/6540c73546532b000d67f5bb/Shellfish_as_bioindicators_for_coastal_antimicrobial_resistance_-_report.pdf (Accessed May 1, 2025).
	 18. Kang,CH, Shin,YJ, Yu,HS, Kim,SK, and So,JS. Antibiotic and heavy-metal resistance of Vibrio parahaemolyticus isolated from oysters in Korea. Mar Pollut Bull. (2018) 135:69–74. doi: 10.1016/j.marpolbul.2018.07.007 
	 19. Rees,EE, Davidson,J, Fairbrother,JM, Saab,M, and McClure,JT. Occurrence and antimicrobial resistance of Escherichia coli in oysters and mussels from Atlantic Canada. Foodborne Pathog Dis. (2015) 12:164–9. doi: 10.1089/fpd.2014.1840 
	 20. Giacometti,F, Pezzi,A, Galletti,G, Tamba,M, Merialdi,G, Piva,S , et al. Antimicrobial resistance patterns in Salmonella enterica subsp. enterica and Escherichia coli isolated from bivalve molluscs and marine environment. Food Control. (2021) 121:107590. doi: 10.1016/j.foodcont.2020.107590
	 21. Maravić,A, Skočibušić,M, Šamanić,I, Fredotović,Ž, Cvjetan,S, Jutronić,M , et al. Aeromonas spp. simultaneously harbouring blaCTX-M-15, blaSHV-12, blaPER-1 and blaFOX-2, in wild-growing Mediterranean mussel (Mytilus galloprovincialis) from Adriatic Sea, Croatia. Int J Food Microbiol. (2013) 166:301–8. doi: 10.1016/j.ijfoodmicro.2013.07.010 
	 22. Sacramento,AG, Fernandes,MR, Sellera,FP, Dolabella,SS, Zanella,RC, Cerdeira,L , et al. VanA-type vancomycin-resistant Enterococcus faecium ST1336 isolated from mussels in an anthropogenically impacted ecosystem. Mar Pollut Bull. (2019) 142:533–6. doi: 10.1016/j.marpolbul.2019.04.014 
	 23. MINSAL. National Plan against Antimicrobial Resistance, 2021–2025 (in Spanish). Chile: Ministry of Health, Chilean Government (2021).
	 24. Quiñones,RA, Fuentes,M, Montes,RM, Soto,D, and León-Muñoz,J. Environmental issues in Chilean salmon farming: a review. Rev Aquac. (2019) 11:375–402. doi: 10.1111/raq.12337
	 25. SERNAPESCA. Report on the use of antimicrobials and antiparasitics in the salmon industry 2023 [in Spanish]. Chile: Department of Animal Health, SERNAPESCA (2024).
	 26. SERNAPESCA. Fisheries and aquaculture statistical yearbook 2023 [in Spanish]. Chile: SERNAPESCA (2024).
	 27. SERNAPESCA. Report on the use of antimicrobials in the salmon industry 2012 [in Spanish]. Chile: Department of Animal Health, SERNAPESCA (2013).
	 28. SERNAPESCA. Report on the use of antimicrobials in the salmon industry 2013 [in Spanish]. Chile: Department of Animal Health, SERNAPESCA (2014).
	 29. SERNAPESCA. Report on the use of antimicrobials in the salmon industry 2014 [in Spanish]. Chile: Department of Animal Health, SERNAPESCA (2015).
	 30. SERNAPESCA. Report on the use of antimicrobials in the salmon industry 2015 [in Spanish]. Chile: Department of Animal Health, SERNAPESCA (2016).
	 31. SERNAPESCA. Report on the use of antimicrobials in the salmon industry 2016 [in Spanish]. Chile: Department of Animal Health, SERNAPESCA (2017).
	 32. SERNAPESCA. Report on the use of antimicrobials in the salmon industry 2017 [in Spanish]. Chile: Department of Animal Health, SERNAPESCA (2018).
	 33. SERNAPESCA. Report on the use of antimicrobials in the salmon industry 2018 [in Spanish]. Chile: Department of Animal Health, SERNAPESCA (2019).
	 34. SERNAPESCA. Report on the use of antimicrobials in the salmon industry 2019 [in Spanish]. Chile: Department of Animal Health, SERNAPESCA (2020).
	 35. SERNAPESCA. Report on the use of antimicrobials in the salmon industry 2020 [in Spanish]. Chile: Department of Animal Health, SERNAPESCA (2021).
	 36. SERNAPESCA. Report on the use of antimicrobials in the salmon industry 2021 [in Spanish]. Chile: Department of Animal Health, SERNAPESCA (2022).
	 37. SERNAPESCA. Report on the use of antimicrobials in the salmon industry 2022 [in Spanish]. Chile: Department of Animal Health, SERNAPESCA (2023).
	 38. Buschmann,AH, Tomova,A, López,A, Maldonado,MA, Henríquez,LA, Ivanova,L , et al. Salmon aquaculture and antimicrobial resistance in the marine environment. PLoS One. (2012) 7:e42724. doi: 10.1371/journal.pone.0042724 
	 39. Shah,SQA, Cabello,FC, L’Abée-Lund,TM, Tomova,A, Godfrey,HP, Buschmann,AH , et al. Antimicrobial resistance and antimicrobial resistance genes in marine bacteria from salmon aquaculture and non-aquaculture sites. Environ Microbiol. (2014) 16:1310–20. doi: 10.1111/1462-2920.12421
	 40. Ortiz-Severín,J, Hodar,C, Stuardo,C, Aguado-Norese,C, Maza,F, González,M , et al. Impact of salmon farming in the antibiotic resistance and structure of marine bacterial communities from surface seawater of a northern Patagonian area of Chile. Biol Res. (2024) 57:84. doi: 10.1186/s40659-024-00556-4 
	 41. Ramírez,C, Gutiérrez,MS, Venegas,L, Sapag,C, Araya,C, Caruffo,M , et al. Microbiota composition and susceptibility to florfenicol and oxytetracycline of bacterial isolates from mussels (Mytilus spp.) reared on different years and distance from salmon farms. Environ Res. (2022) 204:112068. doi: 10.1016/j.envres.2021.112068 
	 42. Miranda,CD, Concha,C, Hurtado,L, Urtubia,R, Rojas,R, and Romero,J. Occurrence of antimicrobial-resistant Bacteria in intestinal contents of wild marine fish in Chile. Antibiotics. (2024) 13:332. doi: 10.3390/antibiotics13040332 
	 43. Suarez-Yana,T, Salgado-Caxito,M, Hayer,J, Rojas-Sereno,ZE, Pino-Hurtado,MS, Campaña-Burguet,A , et al. ESBL-producing Escherichia coli prevalence and sharing across seabirds of Central Chile. Sci Total Environ. (2024) 951:175475. doi: 10.1016/j.scitotenv.2024.175475 
	 44. Kemper,MA, Veenman,C, Blaak,H, and Schets,FM. A membrane filtration method for the enumeration of Escherichia coli in bathing water and other waters with high levels of background bacteria. J Water Health. (2023) 21:995–1003. doi: 10.2166/wh.2023.004 
	 45. Salam,S, McDaniel,R, Bleakley,B, Amegbletor,L, and Mardani,S. Variability of E. coli in streambed sediment and its implication for sediment sampling. J Contam Hydrol. (2021) 242:103859. doi: 10.1016/j.jconhyd.2021.103859 
	 46. Walker,DI, Younger,A, Stockley,L, and Baker-Austin,C. Escherichia coli testing and enumeration in live bivalve shellfish – present methods and future directions. Food Microbiol. (2018) 73:29–38. doi: 10.1016/j.fm.2017.12.006 
	 47. Smith,P. The performance of antimicrobial susceptibility testing programmes relevant to aquaculture and aquaculture products. (FAO Fisheries and Aquaculture Circular No. 1191). Rome, Italy: Food and Agriculture Organization of the United Nations (FAO) (2019).
	 48. Kronvall,G. Normalized resistance interpretation as a tool for establishing epidemiological MIC susceptibility breakpoints. J Clin Microbiol. (2010) 48:4445–52. doi: 10.1128/jcm.01101-10 
	 49. McInnes,RS, uz-Zaman,MH, Alam,IT, Ho,SFS, Moran,RA, Clemens,JD , et al. Metagenome-wide analysis of rural and urban surface waters and sediments in Bangladesh identifies human waste as a driver of antibiotic resistance. MSyst. (2021) 6:e0013721. doi: 10.1128/msystems.00137-21 
	 50. Dohoo,I, Martin,W, and Stryhn,H. Veterinary epidemiologic research. 2nd ed. Charlottetown, Canada: AVC Inc. (2009).
	 51. Maugeri,TL, Carbone,M, Fera,MT, Irrera,GP, and Gugliandolo,C. Distribution of potentially pathogenic bacteria as free living and plankton associated in a marine coastal zone. J Appl Microbiol. (2004) 97:354–61. doi: 10.1111/J.1365-2672.2004.02303.x 
	 52. Desta,BN, Tustin,J, Sanchez,JJ, Heasley,C, Schwandt,M, Bishay,F , et al. Environmental predictors of Escherichia coli concentration at marine beaches in Vancouver, Canada: a Bayesian mixed-effects modelling analysis. Epidemiol Infect. (2024) 152:e38. doi: 10.1017/S0950268824000311 
	 53. Howell,ET, Chomicki,KM, and Kaltenecker,G. Patterns in water quality on Canadian shores of Lake Ontario: correspondence with proximity to land and level of urbanization. J Great Lakes Res. (2012) 38:32–46. doi: 10.1016/j.jglr.2011.12.005
	 54. Sonier,R, Mayrand,E, Boghen,A, Ouellette,M, and Mallet,V. Concentration of Escherichia coli in sediments as an indicator of the sanitary status of oyster (Crassostrea virginica) aquaculture sites. J Appl Ichthyol. (2008) 24:678–84. doi: 10.1111/j.1439-0426.2008.01123.x
	 55. Vega Corrales,LA, and Marín Vindas,C. Evaluation of Escherichia coli concentrations in Crassostrea gigas and seawater in two oyster growing areas in the Gulf of Nicoya, Costa Rica. Revista Ciencias Marinas y Costeras. (2014) 6:155–66. doi: 10.15359/revmar.6.11
	 56. Ferro Palma,S, João Carvalho,M, Costa,M, Floro,A, Viana,A, Gonçalves Fidalgo,L , et al. Influence of seasonality on the quality of oysters from the Sado and Mira rivers. Food Chem. (2022) 393:133292. doi: 10.1016/j.foodchem.2022.133292 
	 57. DIRECTEMAR. Results from the coastal environment observation program (POAL). General Directorate of the Maritime Territory and Merchant Marine of Chile (DIRECTEMAR). Chile: Ministry of Defense, Chilean Government (2025).
	 58. Tryland,I, and Fiksdal,L. Enzyme characteristics of β-d-galactosidase- and β-d-glucuronidase-positive bacteria and their interference in rapid methods for detection of waterborne coliforms and Escherichia coli. Appl Environ Microbiol. (1998) 64:1018–23. doi: 10.1128/AEM.64.3.1018-1023.1998 
	 59. McElhany,KG, and Pillai,SD. Prevalence and fate of gut-associated human pathogens in the environment In: MJ Sadowsky and RL Whitman, editors. The fecal Bacteria : Washington, DC: ASM Press. (2014). 217–40.
	 60. Whitman,RL, Harwood,VJ, Edge,TA, Nevers,MB, Byappanahalli,M, Vijayavel,K , et al. Microbes in beach sands: integrating environment, ecology and public health. Rev Environ Sci Biotechnol. (2014) 13:329–68. doi: 10.1007/S11157-014-9340-8 
	 61. Zhao,W, Ye,C, Li,J, and Yu,X. Increased risk of antibiotic resistance in surface water due to global warming. Environ Res. (2024) 263:120149. doi: 10.1016/j.envres.2024.120149 
	 62. Hu,W, Zhou,X, Liu,Y, Zhang,Y, and Wang,Y. Effects of salinity fluctuation on antimicrobial resistance and virulence factor genes of low and high nucleic acid-content bacteria in a marine environment. Microorganisms. (2025) 13:1710. doi: 10.3390/microorganisms13071710 
	 63. INN. Chilean regulation on drinking water, NCh409/1 Of2005 (in Spanish) Santiago, Chile: National Institute of Normalization (2005).
	 64. Zhang,L, Qin,S, Shen,L, Li,S, Cui,J, and Liu,Y. Bioaccumulation, trophic transfer, and human health risk of quinolones antibiotics in the benthic food web from a macrophyte-dominated shallow lake, North China. Sci Total Environ. (2020) 712:136557. doi: 10.1016/j.scitotenv.2020.136557 
	 65. Delépée,R, Pouliquen,H, and Le Bris,H. The bryophyte Fontinalis antipyretica Hedw. Bioaccumulates oxytetracycline, flumequine and oxolinic acid in the freshwater environment. Sci Total Environ. (2004) 322:243–53. doi: 10.1016/j.scitotenv.2003.09.018 
	 66. Le Bris,H, and Pouliquen,H. Experimental study on the bioaccumulation of oxytetracycline and oxolinic acid by the blue mussel (Mytilus edulis). An evaluation of its ability to bio-monitor antibiotics in the marine environment. Mar Pollut Bull. (2004) 48:434–40. doi: 10.1016/j.marpolbul.2003.08.018 
	 67. González-Gaya,B, Cherta,L, Nozal,L, and Rico,A. An optimized sample treatment method for the determination of antibiotics in seawater, marine sediments and biological samples using LC-TOF/MS. Sci Total Environ. (2018) 643:994–1004. doi: 10.1016/j.scitotenv.2018.06.079 
	 68. Jara,B, Srain,BM, Aranda,M, Fernández,C, Pantoja-Gutiérrez,S, and Méjanelle,L. Water-sediment partitioning of flumequine and florfenicol, two antibiotics used in salmon aquaculture in Chile. Mar Pollut Bull. (2022) 177:113480. doi: 10.1016/j.marpolbul.2022.113480 
	 69. González-Gaya,B, García-Bueno,N, Buelow,E, Marin,A, and Rico,A. Effects of aquaculture waste feeds and antibiotics on marine benthic ecosystems in the Mediterranean Sea. Sci Total Environ. (2022) 806:151190. doi: 10.1016/j.scitotenv.2021.151190 
	 70. Sommerset,I, Wiik-Nielsen,J, and Moldal,T. Norwegian fish health report 2023 (Norwegian veterinary institute report series no. 8b/2024) Oslo: Norwegian Veterinary Institute (2024).
	 71. Arriagada,G, Vásquez,F, Montt,R, and Navarro,C. Quantifying antimicrobial consumption in the Chilean salmon industry using standardized metrics and indicators: the case of florfenicol and oxytetracycline. Prev Vet Med. (2024) 233:106331. doi: 10.1016/j.prevetmed.2024.106331 
	 72. Alvarado-Flores,C, Encina-Montoya,F, Tucca,F, Vega-Aguayo,R, Nimptsch,J, Oberti,C , et al. Assessing the ecological risk of active principles used currently by freshwater fish farms. Sci Total Environ. (2021) 775:144716. doi: 10.1016/J.scitotenv.2020.144716 
	 73. Qadeer,A, Rui,G, Yaqing,L, Ran,D, Liu,C, Jing,D , et al. A mega study of antibiotics contamination in eastern aquatic ecosystems of China: occurrence, interphase transfer processes, ecotoxicological risks, and source modeling. J Hazard Mater. (2023) 458:131980. doi: 10.1016/j.jhazmat.2023.131980 
	 74. Rollo,SN, Norby,B, Bartlett,PC, Scott,HM, Wilson,DL, Fajt,VR , et al. Prevalence and patterns of antimicrobial resistance in Campylobacter spp isolated from pigs reared under antimicrobial-free and conventional production methods in eight states in the Midwestern United States. J Am Vet Med Assoc. (2010) 236:201–10. doi: 10.2460/javma.236.2.201 
	 75. Costa,MM, Cardo,M, Ruano,Z, Alho,AM, Dinis-Teixeira,J, Aguiar,P , et al. Effectiveness of antimicrobial interventions directed at tackling antimicrobial resistance in animal production: a systematic review and meta-analysis. Prev Vet Med. (2023) 218:106002. doi: 10.1016/j.prevetmed.2023.106002 
	 76. Li,H, Zhang,B, Meng,F, Shao,S, Xia,Y, and Yao,Y. Adsorption, natural attenuation, and microbial community response of ofloxacin and oxolinic acid in marine sediments. Environ Pollut. (2024) 347:123738. doi: 10.1016/j.envpoL¿l.2024.123738
	 77. Jara,B, Tucca,F, Srain,BM, Méjanelle,L, Aranda,M, Fernández,C , et al. Antibiotics florfenicol and flumequine in the water column and sediments of Puyuhuapi Fjord, Chilean Patagonia. Chemosphere. (2021) 275:130029. doi: 10.1016/j.chemosphere.2021.130029 
	 78. Karkman,A, Pärnänen,K, and Larsson,DGJ. Fecal pollution can explain antibiotic resistance gene abundances in anthropogenically impacted environments. Nat Commun. (2019) 10:80. doi: 10.1038/S41467-018-07992-3
	 79. Ruppert,EE, Fox,RS, and Barnes,RD. Invertebrate zoology: A functional evolutionary approach. 7th ed. Belmont, CA, USA: Thomson-Brooks/Cole (2004).


Copyright
 © 2025 Arriagada, Canales, Flores, Reyes, Maldonado, Lapierre and Galarce. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Assessing the sentinel capacity of mollusks, seawater and sediments for monitoring antimicrobial resistance in the marine environment



		1 Introduction



		2 Materials and methods



		2.1 Study area



		2.2 Study design



		2.3 Sample collection



		2.4 Laboratory procedures



		2.4.1 Sample processing



		2.4.2 E. coli isolation and enumeration



		2.4.3 Antimicrobial susceptibility testing









		2.5 Statistical procedures



		2.5.1 Categorization of isolates as wild-type or non-wild-type



		2.5.2 Comparing the sentinel capacity of the mollusk, seawater, and sediment compartments for AMR monitoring in the marine environment















		3 Results



		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Generative AI statement



		Publisher’s note



		References



















OPS/images/fvets-12-1625423-g001.jpg
FLO-seawater
FLO-molluscs
FLO-sediments
OXY-seawater
OXY-molluscs
OXY-sediments
OXO-seawater
‘OXO-molluscs
OXO-sediments
FLU-seawater
FLU-molluscs
FLU-sediments

cooooomoab b b

coordinates in standard normalization

MCA coordinate plot

oy
~ 4 =th
s
wd By
- «§
§F< ot owt
5
2]
N
2
]
2
g
© Onw
ol
o
"Ema
wor
o °
=y £ 3

SO/ |
dimension 1 (32.1%)





OPS/images/cover.jpg
& frontiers | Frontiers in Veterinary Science

Assessing the sentinel capacity of
mollusks, seawater and sediments
for monitoring antimicrobial
resistance in the marine
environment












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Veterinary Science






