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The marine environment is a potential natural reservoir of antimicrobial resistance genes (ARGs), subject to anthropogenic effluents (wastewater, industrial, and domestic), and known as a final receiving system. The aim of this study was to investigate the abundance and geographical distribution of the three blaTEM, sul1, and intI1 genes, proposed as indicators of contamination to assess the state of antimicrobial resistance in environmental settings, added to the tetA gene and the microbial population (tuf gene) in the English Channel and North Sea areas. Bacterial DNA was extracted from 36 seawater samples. The abundance of these genes was determined by quantitative PCR (qPCR) and was analyzed in association with environmental variables and geographical locations to determine potential correlations. The blaTEM and tetA genes were quantified in 0% and 2.8% of samples, respectively. The sul1 and intI1 genes were detected in 42% and 31% of samples, respectively, with an apparent co-occurrence in 19% of the samples confirmed by a correlation analysis. The absolute abundance of these genes was correlated with the microbial population, with results similar to the relative abundance. We showed that the sul1 and intI1 genes were positively correlated with dissolved oxygen and turbidity, while the microbial population was correlated with pH, temperature and salinity in addition to dissolved oxygen and turbidity. The three tetA, sul1, and intI1 genes were quantified in the same sample with high abundances, and this sample was collected in the West Netherlands coast (WN) area. For the first time, we have shown the impact of anthropogenic inputs (rivers, man-made offshore structures, and maritime activities) and environmental variables on the occurrence of three indicators of environmental contamination by antimicrobial resistance in the North Sea and English Channel seawaters.
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INTRODUCTION

Antimicrobial resistance is an emerging public health threat of the 21st century worldwide. In fact, an incommensurate increase in antimicrobial resistant bacteria (ARB) and antimicrobial resistance genes (ARGs) dissemination in the environment is influencing by the human (hospital, domestic) and animal infection treatments (domestic, animal husbandry, and aquaculture). Other anthropogenic inputs (mainly industrial and agricultural effluents) also threat the water quality with the continuous release of antibiotic residues, ARB and ARGs in aquatic environments. Indeed, water environment is known as a natural reservoir of ARB and ARGs. Many studies have determined the occurrence of ARGs in hospital and domestic effluents (Rodriguez-Mozaz et al., 2015), wastewater treatment plant effluents (Pazda et al., 2019) and aquaculture farm effluents (Su et al., 2020a). These types of effluents converge in rivers and streams (Calero-Cáceres et al., 2017) before being discharged into the marine environment, the final receiving system. The occurrence of ARGs in the marine waters is understudied, or concerns mainly the coastal and estuarine waters which are strongly influenced by various effluents and human activities. For instance, the blaTEM (β-lactam resistance), sul1, sul2 (sulfonamide resistance), tetA and tetB (tetracycline resistance) genes have been detected in coastal waters of different countries such as in the coasts of Portugal and England (Alves et al., 2014; Leonard et al., 2018). Once released into the environment, the maintenance and dissemination of ARGs may be influenced by biotic (plants, microbes, and animals) and abiotic factors (amount of oxygen, temperature, pH and salinity; Barkovskii et al., 2012). Only few studies reported the relationships between these factors and the occurrence of ARGs in the aquatic environment. The ARGs can naturally diffuse into aquatic environments via water currents, associated with bacteria or as free DNA, then be absorbed by bacteria through transformation or be transferred between bacteria by conjugation and transduction. Therefore, the main mechanisms allowing the dissemination of resistance genes are horizontal gene transfers by mobiles genetic elements (MGEs), like the class 1 integrons which are widely found in the environment (Gillings et al., 2015). The intI1 gene encoding for the class 1 integron-integrase has been detected in coastal waters in China (Su et al., 2020b) and in urban-impacted coastal estuarine in South Carolina, United States (Uyaguari et al., 2013). Because of the diversity of the ARG types within the environment, it is complicated or even infeasible to detect all the genes constituting the resistome of marine environment. Therefore, some genetic determinants of antimicrobial resistance such as the blaTEM, sul1, and intI1 genes have been proposed as indicators of contamination to assess the state of antimicrobial resistance in the environment (Berendonk et al., 2015; ANSES, 2020). Furthermore, other genes could be monitored in the marine environment, such as the tetA gene encoding tetracycline resistance. Indeed, this gene as well as the indicator genes that have been suggested are clinically relevant, often associated with MGEs and are prevalent in the environment. To our knowledge, no data is available on the occurrence of the tetA, blaTEM, sul1, and intI1 genes in the North Sea and the English Channel seawaters, and no information on the possible role of anthropogenic inputs, and biotic and abiotic factors on this occurrence.

The North Sea and the English Channel areas are distinguished from the vast marine and oceanic environments by more pronounced anthropic influences that have been intensively affected by human activities, especially agriculture and the release of untreated domestic sewage, particularly with the proximity of the English, French, Belgian, Dutch, German, and Danish coasts. In addition, the English Channel and the North Sea are subject to the numerous effluents of the large rivers running through all these countries, such as the Seine (France), the Thames (England) and the Rhine (Netherlands) which contain different natures of pollutants. It is also necessary to highlight the anthropic impact from important European port activities such as Le Havre (France), Rotterdam (Netherlands) and Anvers (Belgium). Similarly, different types and sizes of boats (fishing, container, passenger and cargo ships) discharge the sewage after more or less effective decontamination. In this study, we investigated the absolute abundance and the geographical distribution of the four blaTEM, tetA, sul1, and intI1 indicator genes and the bacterial tuf gene to estimate the microbial population in the English Channel and the North Sea seawater samples, using quantitative PCR (qPCR). In order to estimate the proportion of these indicator genes within the microbial population, we also calculated the relative abundance. Finally, we evaluated the influence of environmental variables on the absolute abundance of the indicator genes and the microbial population (Lazard et al., 2021).



MATERIALS AND METHODS


Sample Collection and Sample Preparation by Filtration

Seawater samples were collected during the International Bottom Trawl Survey (IBTS) oceanographic campaign in January 2020 in the English Channel—North Sea area (Lazard et al., 2021). Thirty-six seawater samples were collected in six areas defined as East English Channel (EE; n = 5), Thames mouth (T; n = 6), East England coast (EC; n = 7), Middle of the North Sea (MNS; n = 8), North Netherlands coast (NN; n = 3), and West Netherlands coast (WN; n = 7; Figure 1). At each sampling point, 600 ml of seawater were collected at a depth of about 30 m using Niskin bottles and transferred into sterile containers. The samples were stored at −20°C on the boat, then transported to laboratory and stored at −20°C until filtration. Additionally, environmental variables including water temperature, pH, salinity, turbidity, dissolved oxygen and total algae concentration were measured. A request for access to these environmental data can be made to the following address: http://data.ifremer.fr/pdmi/portalssearch/main. Prior to filtration, samples were thawed at room temperature and homogenized. Each seawater sample was successively filtered through 1.2, 0.45, and 0.22 μm pore-size mixed cellulose ester membranes (Millipore, Burlington, United States) using a Nalgene individual vacuum filtration system (Thermo Fisher Scientific, Waltham, United States). Then, the 0.45 and 0.22 μm filter membranes were picked up and sterilely cut into about 1 mm slices. They were transferred in 2 ml tubes and stored at −20°C until DNA extraction.
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FIGURE 1. The geographical locations of seawater sampling (SW01–SW36) sites in the English Channel and North Sea, divided into six defined areas.




Total DNA Extraction

Total DNA was extracted from the 0.45 and 0.22 μm filter membranes using the DNeasy PowerBiofilm kit (Qiagen, Hilden, Germany), following manufacturer’s instructions with some modifications. The membrane slices were placed into bead tubes containing 700 μl of MBL buffer and 200 μl of FB buffer. The tubes were twice vortexed at maximum speed for 45 s and incubated at 56°C for 30 min. Then, we added 2 mg.ml−1 of proteinase K (Sigma, Saint-Louis, United States) to the tubes before incubating them at 56°C for 30 min. The tubes were vortexed 15 s and centrifuged at 4,000 × g for 1 min. Supernatant was transferred into a 2 ml tube and then centrifuged at 13,000 × g for 1 min. Following extraction steps correspond to those described in the extraction kit protocol except of the IRS buffer volume (200 μl) and the final elution step with 2 × 30 μl of EB buffer. The DNA extracted from the two filter membranes were pooled together to form a single DNA extract for the subsequent analysis. The DNA concentration (A260 nm) and purity (A260/280nm and A260/230nm ratios) of each DNA sample were validated using a DS-11 spectrophotometer (Denovix, Wilmington, United States). The DNA extracts were then stored at −20°C until analysis.



Quantification of the Four tetA, blaTEM, sul1, and intI1 Indicator Genes by qPCR

The indicator genes (tetA encoding for tetracycline resistance, blaTEM for β-lactam resistance, sul1 for sulfonamide resistance and intI1 encoding for the class 1 integron-integrase) were quantified by the qPCR method. The different sets of primers and probes used for these qPCR reactions are detailed in the Table 1. Each qPCR was performed in a 20 μl reaction mixture. For the quantification of the sul1 (Heuer and Smalla, 2007) and intI1 (Barraud et al., 2010) genes, we employed the qPCR method using TaqMan probes. The mixtures contained 10 μl of LightCycler Probes Master (Roche, Rotkreuz, Switzerland), 0.2 μM of probes (Eurobio, Les Ulis, France), 0.4 μM of each primer (Eurobio) and 5 μl of DNA extract. For the quantification of the tetA (Ng et al., 2001) and blaTEM (Bibbal et al., 2007) genes, we employed the qPCR method using SybrGreen dye. The mixtures contained 10 μl of LightCycler 480 SYBR Green I Master (Roche), 0.4 μM of each primer (Eurobio) and 5 μl of DNA extract. For qPCR positive controls and the carrying out of standard curves, we used three Escherichia coli strains containing either the pRP4 plasmid with the tetA gene (CIP RP4), pIP69 plasmid with the blaTEM, gene (CIP pIP69), pR1 plasmid with the sul1 gene (CRBIP19.58) (Collection of the Institut Pasteur Paris, Paris, France) and the E. coli strain containing the pTRC99A plasmid with the intI1 gene (Barraud et al., 2010). These E. coli strains were grown in 10 ml of Trypticase Soy Broth with 0.6% Yeast Extract (TSBYE) containing 100 μg.ml−1 of ampicillin (Sigma) and incubated for 24 h at 37°C. After centrifugation for 10 min at 10,000 × g, plasmid DNA was extracted from the cell pellets using the QIAprep Spin Miniprep kit (Qiagen) according to the manufacturer’s instructions. For qPCR negative controls, we used three Vibrio parahaemolyticus strains (ANSES B3PA Collection, Boulogne-sur-Mer, France): B3PA-12-1,629 strain without blaTEM gene, B3PA-13-2,931 strain without the intI1 gene and B3PA-15-0205 strain without the tetA and sul1 genes. These Vibrio strains were isolated on saline nutrient agar and incubated for 24 h at 37°C, before DNA extraction using DNeasy Blood and Tissue kit (Qiagen) following manufacturer’s instructions. All qPCR reactions (TaqMan probe and SybrGreen dye) were performed according to the conditions detailed in the Table 1 using a LightCycler 480 thermal cycler (Roche). Quantification cycle (Cq) values were calculated using the second derivate method.



TABLE 1. Primer and probe sequences and conditions associated to the quantitative PCR (qPCR) used in this study.
[image: Table1]



Quantification of Microbial Population (tuf Gene) by qPCR

The quantification of the bacterial housekeeping tuf gene (Tanaka et al., 2010) was performed by qPCR method using SybrGreen dye to assess the relative abundance of indicator genes in relation to the microbial population. The primers are detailed in the Table 1. The reaction mixture of 20 μl contained 10 μl of LightCycler 480 SYBR Green I Master (Roche), 0.4 μM of each primer (Eurobio) and 2 μl of DNA extract. Nuclease-free water was added to complete the total reaction volumes and was used for the negative control. For qPCR positive control and for the standard curve, we used the V. parahaemolyticus B3PA-16-0006 strain (ANSES B3PA Collection; Briet et al., 2018). Briefly, this strain was isolated on saline nutrient agar and incubated for 24 h at 37°C before DNA extraction using DNeasy Blood and Tissue kit (Qiagen) following manufacturer’s instructions. All qPCR reactions were performed according to the conditions detailed in the Table 1 using a LightCycler 480 thermal cycler (Roche). Cq values were calculated using the second derivate method.



Data Analysis and Statistics

The qPCR results were validated following these criteria: the efficiency ranged from 75% to 125% (according to the NF T90-471:2015-06 standard), the linearity r2 value was ≥0.99 and the Cq values of the negative controls were below the threshold of sensitivity. Gene copy numbers were calculated by the standard curves. The sensitivity for the qPCR targeting the tetA and blaTEM genes was set at 105 copies.ml−1 while it was set at 104 copies.ml−1 for the sul1, intI1, and tuf genes. The absolute abundance was the concentration of the genes per mL of seawater (log copies.ml−1 seawater). Then, to calculate the relative abundance of the indicator genes (tetA, blaTEM, sul1, and intI1 genes), we normalized the absolute abundance of the indicator genes with the absolute abundance of the tuf gene (Chen et al., 2019). All data presentation and statistical analysis were performed using RStudio Software version 1.4.1717 (RStudio, Inc., Boston, United States). One-way ANOVA and Tukey’s multiple pairwise-comparisons were used to assess statistically significant differences at the 95% CI (p < 0.05). These analyses were performed on the absolute and relative abundances results to assess the dissemination of the genes according to the geographical areas. Possible correlations between the absolute abundances of the genes and the environmental variables were determined with Pearson’s rank correlation coefficient (r). The power of the correlations was defined as follows: very low correlation (0 < r < 0.19), low correlation (0.20 < r < 0.39), moderate correlation (0.40 < r < 0.59), high correlation (0.60 < r < 0.79), very high correlation (0.80 < r < 0.99), and perfect correlation (r = 1.0). The correlation value of p were produced with a significance test to assess the relationships between the targeted genes and the environmental variables.




RESULTS


Absolute Abundance of the Four tetA, blaTEM, sul1, and intI1 Indicator Genes and the tuf Gene

The absolute abundance of the four indicator genes and the tuf gene in the seawater samples and their geographical distribution are shown in Figures 2, 3. The absolute abundance values of the indicator genes and the tuf gene are referenced in the Supplementary Table S1. The blaTEM gene was not quantified in any seawater sample. However, we quantified the tetA gene in only one out of the 36 analyzed seawater samples, with an absolute abundance of 2.24 log copies.ml−1 of seawater in the WN area (Figure 2A). The sul1 gene was quantified in 15/36 analyzed seawater samples with absolute abundances ranging from 1.52 to 3.55 log copies.ml−1 of seawater (Figure 2B). We observed a lower absolute abundance in four areas (EE, MNS, NN, and the T areas) compared to the WN area. Moreover, it was not quantified in the East English Channel area (EC). For the intI1 gene, we found it in 11/36 analyzed seawater samples (Figure 2C). This gene was quantified neither in the T nor in the NN areas. We observed an absolute abundance of approximately 1.60 log copies.ml−1 of seawater in two samples collected near the EE and in one sample from the MNS area. The intI1 gene absolute abundance was higher in the EC area (2.16 log copies.ml−1in one sample) and in the WN area, with two samples showing absolute abundances of 3.14 and 3.26 log copies.ml−1 of seawater. The tuf gene was quantified in all seawater samples, with absolute abundance ranging from 3.38 to 5.02 log copies.ml−1 of seawater (Figure 3). We observed significantly higher absolute abundance in the WN area (between 1.60 and 3.26 log copies.ml−1) compared to the EC (1.47 to 2.16 log copies.ml−1) (p = 0.007) and to the MNS (1.64 log copies.ml−1) (p = 0.050) areas.
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FIGURE 2. Absolute abundance of the three (A) tetA; (B) sul1, and (C) intI1 indicator genes (gene copies.ml-1 of seawater, log-transformed) in the six areas. EC, East English Channel; EE, East England coast; MNS, Middle of the North Sea; NN, North Netherlands coast; T, Thames mouth; and WN, West Netherlands coast. EN, England; NE, Netherlands; FR, France; and BE, Belgium. The samples with no quantification of genes are not shown.


[image: Figure 3]

FIGURE 3. Absolute abundance of the tuf gene (gene copies.ml-1 of seawater, log-transformed) in the six areas. EC, East English Channel; EE, East England coast; MNS, Middle of the North Sea; NN, North Netherlands coast; T, Thames mouth; and WN, West Netherlands coast. EN, England; NE, Netherlands; FR, France; and BE, Belgium.




Relative Abundance of the Indicator Genes

The relative abundance of the tetA gene in the SW15 sample was 0.51 (Figure 4). For the sul1 gene, we observed relative abundance ranging from 0.34 to 0.81. In the EE coast, MNS, NN, and T areas, constant relative abundances (around 0.40) were observed. The relative abundances were higher in the SW15 (0.81) and SW18 samples (0.60) collected in the WN area. For the intI1 gene, the relative abundance ranged from 0.34 to 0.72. The relative abundance of the intI1 gene was significantly higher in the WN area compared to the MNS (p = 0.040) area. Indeed, two samples (SW15 and SW18) in the WN area had higher relative abundance compared to the other analyzed samples in the same area and in the two other areas. The relative abundance results of the sul1 and intI1 genes were in agreement with those of absolute abundances. Moreover, no quantification of genes was observed in 17/36 (47.22%) seawater samples. When only one gene (sul1 or intI1 gene) has been detected (33.33% seawater samples), we found exclusively the intI1 gene in the East English Channel (EC) area and the sul1 gene in the NN and T areas. Among the seven samples with co-occurrence of the sul1 and intI1 genes, the higher relative abundances were observed in two seawater samples (SW15 and SW18 samples in the WN area). Furthermore, the highest relative abundance of the three tetA, sul1, and intI1 genes concerned the same sample (SW15 sample), collected in the WN area.

[image: Figure 4]

FIGURE 4. Relative abundance of the tetA, sul1, and intI1 indicator genes in the seawater samples, for the six areas. EC, East English Channel; EE, East England coast; MNS, Middle of the North Sea; NN, North Netherlands coast; T, Thames mouth; and WN, West Netherlands coast. The color key indicates the relative abundance in the respective samples. The white rectangles indicate an absence of quantification. The blaTEM gene was not quantified.




Correlations Between the Absolute Abundance of the sul1, intI1, tuf Genes and the Environmental Variables

Since the blaTEM gene was not quantified and the tetA gene in only 2.78% of the seawater samples, their abundance was not considered in the analysis of correlations with environmental variables. In the analyzed seawater samples, the absolute abundance of the intI1 gene was strongly and positively correlated with the sul1 gene (r = 0.94, p = 0.000; Figure 5). Moreover, the absolute abundance of the intI1 gene was positively and highly correlated with the dissolved oxygen concentration (r = 0.66, p = 0.003) and very highly with the turbidity values (r = 0.84, p = 0.000). We also observed a moderate correlation between the sul1 gene abundance and the dissolved oxygen concentration (r = 0.46, p = 0.030) and a high correlation between this gene and the turbidity values (r = 0.75, p = 0.001). A low positive correlation was observed between the absolute abundance of these genes and the pH values (r values of approximately 0.30). In contrast, the absolute abundances of the sul1 and intI1 genes were low and moderately negatively correlated with salinity values, with r values of −0.27 and −0.44 and value of p 0.030 and 0.005, respectively. Furthermore, we observed low positive correlation between these two genes and the temperature, algal biomass and pressure values, with r coefficients ranging from 0.02 to 0.21. Regarding the tuf gene, which estimates the bacterial concentration in the seawater samples, we observed a very high positive correlation with the dissolved oxygen concentration (r = 0.81, p = 0.000) and moderate correlations with the turbidity (r = 0.59, p = 0.001) and the algal biomass values (r = 0.48). Moderate negative correlations were observed with the pH (r = −0.51, p = 0.001) and temperature values (r = −0.51, p = 0.000), and highly negative correlations with salinity (r = −0.76, p = 0.000) and pressure values (r = −0.65, p = 0.000). In addition, the tuf gene abundance was slightly and positively correlated with the abundance of the sul1 and intI1 genes (r = 0.34 and 0.40, respectively).
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FIGURE 5. Pearson correlation matrix between the sul1 and intI1 indicator genes, the tuf gene and the environmental variables. Temp, temperature; Sal, salinity; O2, dissolved oxygen; Alg, algal biomass; Pre, pressure; and Turb, turbidity. The color key indicates the correlation coefficients and corresponding colors.





DISCUSSION

This study provided for the first time information on the presence of indicator genes of antimicrobial resistance contamination in the North Sea and English Channel seawaters. We detected at least one of the indicator gene in 52.78% of the samples, two indicator genes in 19.44% of the samples and three indicator genes in 2.78% of the samples analyzed. In contrast, the four indicator genes were not detected in a same seawater sample. The blaTEM gene encoding resistance to β-lactam was not detected in any sample, and the tetA gene encoding resistance to tetracycline was quantified in only one sample. Their presence in the marine environment, in E. coli strains isolated from coastal marine waters, has been demonstrated in Portugal (Alves et al., 2014). In this study, it is possible that the two tetA and blaTEM genes were not present or present below the limit of quantification because the marine environment is a diluted medium. The filtration of a larger volume of seawater could confirm or not this hypothesis. In addition, gene quantification in environmental matrix such as seawater may be affected by the presence of PCR inhibitors. Inhibitory substances such as polyphenols, humic and fumic acids or glycogen have been isolated from the marine environment and are known to be one of the most common causes of qPCR failure (Schrader et al., 2012). In contrast, the sul1 and intI1 genes were the most abundant in this study, in 42% and 31% of the seawater samples, respectively. Co-occurrence of these two genes was observed in 19% of the samples, and the correlation analysis carried out also illustrated a strong correlation between the sul1 and intI1 genes. The sul1 gene was present alone in 53% of the samples (without intI1), and by contrast, intI1 was present in 36% of the samples without the sul1 gene. These observations were also reported in multidrug resistant isolates from river systems in India, where 72.6% of the strains had at least one integron with the sul1 gene and 8.26% had the sul1 gene but not the intI1 gene (Chaturvedi et al., 2021). Indeed, class 1 integrons are composed of a 5′ conserved region with the intI1 gene and a 3′ conserved region with a sulfonamide resistance gene (such as sul1), between which one or more ARG-containing cassettes can be inserted. But other genes encoding for sulfonamide resistance can be identified instead of sul1 within these structures, such as the sul2 and sul3 genes (Jones-Dias et al., 2016), which could explain the high prevalence of the sul1 gene without intI1. The integrons are mainly found in Gram-negative bacteria (such as Enterobacteriaceae, Pseudomonas, Acinetobacter, Vibrio, and Campylobacter), whether they are environmental or clinical isolates and may carry acquired resistance genes, thus constituting a human health risk. The abundance of the sul1 and intI1 genes was highly correlated with the dissolved oxygen concentration and turbidity, which exhibits suspended particulate matters such as microorganisms or particles in suspension where microorganisms aggregate. Similarly, Tao et al. (2016) showed that dissolved oxygen could be an important factor in ARGs selection in wastewater treatment systems, affecting the microbial communities that may be carriers of these resistances. A recent study on the occurrence of ARGs in an estuary in China also showed a correlation between turbidity and ARGs, with a higher prevalence of these genes in areas with high turbidity (Chen et al., 2020). To assess the contribution of the microbial population in the dissemination of ARGs in the marine environment, we quantified the bacterial housekeeping tuf gene to estimate the concentration of bacteria and to calculate the relative abundance of indicator genes. Indeed, we targeted the tuf gene rather than the 16S rRNA gene, since it has been shown that the 16S rRNA gene has similarities with the 18S eukaryotic mitochondria gene, which can therefore interfere with the quantification of bacterial DNA in complex samples (Nakano, 2018). The analysis of the correlation between the sul1, intI1 genes, and the bacterial tuf gene showed a slight correlation between the abundance of the two contamination indicators and the estimated microbial population. This may demonstrate that the indicator genes quantified in this study are not only found in bacteria targeted by the tuf gene, but also as free DNA in water or in association with bacteriophages, as has already been shown (Calero-Cáceres and Balcázar, 2019; Sivalingam et al., 2020). This assumption was corroborated with the relative abundance results, which were similar to the absolute abundances. We demonstrated a strong correlation between the microbial population and dissolved oxygen, which could reflect the presence of bacteria that thrive in aerobic environments such as close to the sea surface. As well, we demonstrated a correlation between the microbial population and the turbidity. We have observed that slight pressure and pH variations in seawater did not affect the abundance of the sul1 and intI1 genes, but only the microbial population. Currently, it has been shown that pH did not influence the occurrence of ARGs in seawater but only in marine sediments (Chen et al., 2020) and in river sediments (Ergie et al., 2019). Other abiotic factors in the environment can also exert selection pressure, playing a role in the maintenance and proliferation of antimicrobial resistances. Indeed, it has been demonstrated that environmental bacteria can be exposed to selection pressure by antibiotic residues (natural origin or brought by various anthropogenic sources), and thus develop resistance (Larsson, 2014). The occurrence of indicator genes in seawater samples diverged according to the geographical area considered, i.e., the type of anthropogenic impact but, given the limited data on English Channel and North Sea areas, several hypotheses can be advanced considering the geographical location of the samples. High abundance of the three tetA, sul1, and inti1 genes was noticed in the West of the Netherlands. Certain factors could explain this abundance such as human wastewater originating from the man-made structures in this area and the animals (fish, mammals, and seabirds) contaminated by ARGs and ARB. These man-made structures refer to the diverse offshore installations present in the North Sea, including platforms for gas and oil exploitation. The various human discharges from these structures could constitute an additional impact on the dissemination of ARGs in the marine environment, but to our knowledge, no study has been conducted on the wastewater decontamination treatment efficiency of these structures for the removal of biological contaminants such as ARB and ARGs. High abundance of the sul1 and intI1 genes (approximately 3 log copies.ml−1) was also observed slightly further south, where the North Sea receives river water from the North Sea Canal. This canal is subject to various anthropogenic discharges, notably from Amsterdam and its port. It is now recognized that river waters are contaminated with various pollutants, including ARGs, which are not fully removed in wastewater treatment plants and are disseminated in the downstream environment (Zhang et al., 2009). Furthermore, three offshore wind farms are also visible in this area not far from the coast, potentially constituting an additional impact on the presence of ARGs. Indeed, more than 120 offshore wind platforms have been constructed in Europe over the last years, the majority of which are in the North Sea (WindEurope, 2019). A study in the North Sea has shown that offshore wind farms attract certain bird species, such as black-backed and herring gulls (Vanermen et al., 2014), and gull feces have been consistently shown to be a source of ARG contamination. In Portugal, E. coli strains carrying different bla, sul, and tet genes have been isolated from seagull feces (Poeta et al., 2008). This reveals a potential involvement of contaminated gull feces in the pollution of marine environment by ARGs. The sul1 and intI1 genes were also found even further south, near the mouths of the Rhine and Meuse rivers, two large rivers flowing into the North Sea. In a recent study, these two genes were quantified along the entire length of the Rhine in Switzerland, Germany and the Netherlands at different concentrations (Paulus et al., 2020). The authors showed that the presence and concentration of ARGs and intI1 fluctuated greatly between different sampling points, but that the concentration of the sul1 and intI1 genes was highest in two areas polluted by well-developed pharmaceutical industries and downstream, in Lower Rhine. The impact of these river effluents on pollution in the North Sea is cumulative with the impact of the city and the port of Rotterdam, the largest seaport in Europe. The port of Rotterdam is characterized by a high maritime traffic (more than 30,000 ships call at this port each year) and by large industrial areas composed of oil refineries and chemical industries, but there is no information about the contamination by ARGs of port activity effluents. In the East of England, the sul1 and intI1 genes were quantified in the same seawater sample, collected south of the Humber estuary. This marine estuary is the largest source of freshwater that England discharges into the North Sea. A study in these estuarine waters identified V. parahaemolyticus strains resistant to various antibiotics (kanamycin, gentamicin, cefazolin, tetracycline; Daramola et al., 2009), indicating a potential source of ARGs in this estuary. In addition, this area includes several nearby wind farms, as well as various ports upstream of the Humber Estuary (Port of Hull, Green Port Hull, Immingham). Finally, the sul1 and intI1 genes were poorly quantified in the MNS (2/8 and 1/8 samples from this area, respectively). This area, unlike the others, is quite far from the coasts and thus from their influence, but has a concentration of offshore platforms for gas and oil exploitation (Fujii, 2015). However, we have quantified the sul1 and intI1 genes in seawater samples collected far from the coast, in areas that could be described as subject to little anthropogenic impact. This spreading of genes within the marine environment may raise questions about the involvement of intense maritime traffic and their various discharges, such as ballast water, which is pumped out and discharged into the sea. Few studies have been conducted on the contamination of these ballast waters by ARB and ARGs, and their dissemination in marine waters, but it has been estimated that approximately 1019 bacteria are transported worldwide each day in ship ballast water (Brinkmeyer, 2016). In addition, a recent study demonstrated the presence of the sul1 and intI1 genes at high concentrations (between 103 and 108 gene copies per 100 ml of water) in ballast waters in two ports in China, from ships coming from all over the world (Australia, Japan, Europe, Korea, Asia, South America; Lv et al., 2020). The replacement of water in tanks occurs at the shoreline, but also in open seawaters, potentially creating long-range dispersion of contaminants. In addition to this ballast waters, we must also consider the impact of wastewater discharges from boats, such as black water (wastewater from bathrooms and toilets) and gray water (wastewater from sinks, washing machines, and bathtubs). Traces of antibiotic residues have been detected in these types of water, such as sulfamethoxazole (from the sulfonamide family), in cruise ships in the port of Hamburg, Germany (Westhof et al., 2016), which can exert a selection pressure on the surrounding bacteria and induce the appearance of antimicrobial resistant strains. In the English Channel, only the intI1 gene has been quantified. In this area, we observed a higher abundance in the sample collected near Le Havre, the second-largest port in France for maritime traffic and the fifth-largest European port for container traffic, located at the Seine mouth. A study has also exhibited the presence of the intI1 gene in this river, which is the final destination of effluents from 16 wastewater treatment plants (Laroche et al., 2009). This gene was detected in E. coli isolates all along the Seine (France), with a higher prevalence in the mouth of the estuary near Tancarville (France) and Honfleur (France), two cities located just next to Le Havre (France). The English Channel is considered a “highway of the sea,” with around 800 boats sailing through these waters every day (Amara, 2010). By contrast, a little further north at the mouth of the Thames (England) and in northern France, only the sul1 gene has been quantified. This area is subject to discharges from the Thames (England), a 346 km long river that is itself subject to numerous effluents. Several studies have reported that these waters are polluted, particularly by antibiotic residues and ARGs. For example, White et al. (2019) detected three sulfonamide antibiotics (sulfadiazine, sulfamethoxazole, and sulfanilamide) along the Thames River (England) up to the mouth after seven wastewater treatment plants, potentially exerting selection pressure on bacteria and leading to sulfonamide-resistant strains. In addition, the blaTEM, tetA, sul1, and intI1 genes were quantified in these waters at 106–108 copies.L−1 of water (Xu et al., 2019). The sample with the highest sul1 gene abundance in this area was collected near the French coast, around Calais. This area is subject to the passage of many passenger ships, which connect the city of Calais (France) to Dover (England). The occurrence of the sul1 gene has also been demonstrated in the north of the Netherlands, away from the coast, distinguished by the presence of an offshore wind farm. All of these man-made constructions (oil and gas platforms, offshore wind farms) and effluents (rivers, streams, sewage and ballast water from ships) are therefore potential sources of contamination of marine waters by ARGs.



CONCLUSION

We have shown for the first time that the seawaters of the English Channel and the North Sea were contaminated with ARGs and MGEs. The marine environment is very complex to study, due to many potential sources of contamination such as different effluents, intense maritime traffic and man-made structures in addition to the impact of environmental conditions on their prevalence and maintenance in the environment, which have been understudied. We believed that the sul1 and intI1 genes would be suitable contamination indicators to assess the state of antimicrobial resistance in marine environment, but that other ARGs should be monitored in conjunction with these two genes, such as the tetM and blaCTX-M genes, also proposed as indicator genes by Berendonk et al. (2015). In addition to seawater analysis, other matrices should be considered such as plankton, fish and bivalve mollusks to characterize the transmission and dissemination of ARGs along marine food webs up to us, final consumers. Indeed, the monitoring of antimicrobial resistance in the marine environment is an important issue, representing a risk to human health, especially through the consumption of fishery products contaminated by antimicrobial-resistant pathogenic bacteria, which can lead to therapeutic failures in case of infection.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material; further inquiries can be directed to the corresponding author.



AUTHOR CONTRIBUTIONS

EB designed the study, performed the analysis and interpretation of the results, and drafted the manuscript. DC participated in the design of the study, performed the experiments, and contributed to the manuscript writing. TB participated in the design of the study and contributed to the manuscript writing. CB contributed to the manuscript writing. GM participated in the design of the study and contributed to the manuscript writing. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by a doctoral fellowship from Région Hauts-de-France and Pôle Métropolitain de la Côte d’Opale. The Structure Fédérative de Recherche (SFR) Campus de la Mer has also financially supported this work.



ACKNOWLEDGMENTS

We would like to thank the Ifremer institute for allowing us to be part of the IBTS oceanographic campaign to collect the seawater samples analyzed in this study and for giving us access to the various environmental data.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.883081/full#supplementary-material



REFERENCES

 Alves, M. S., Pereira, A., Araújo, S. M., Castro, B. B., Correia, A. C., and Henriques, I. (2014). Seawater is a reservoir of multi-resistant Escherichia coli, including strains hosting plasmid-mediated quinolones resistance and extended-spectrum beta-lactamases genes. Front. Microbiol. 5:426. doi: 10.3389/fmicb.2014.00426

 Amara, R. (2010). Impact de l’anthropisation sur la biodiversité et le fonctionnement des écosystèmes marins. Exemple de la Manche-mer du nord. VertigO 8. doi: 10.4000/vertigo.10129

 ANSES (2020). Antibiorésistance et environnement. État et causes possibles de la contamination des milieux en France (saisine n°2016-SA-0252). Agence nationale de sécurité sanitaire de l’alimentation, de l’environnement et du travail. (Maisons-Alfort). Available at: https://www.anses.fr/fr/system/files/EAUX2016SA0252Ra.pdf

 Barkovskii, A., Thomas, M., Hurley, D., and Teems, C. (2012). Environmental factors responsible for the incidence of antibiotic resistance genes in pristine Crassostrea virginica reefs. Mar. Pollut. Bull. 64, 2692–2698. doi: 10.1016/j.marpolbul.2012.10.006 

 Barraud, O., Baclet, M. C., Denis, F., and Ploy, M. C. (2010). Quantitative multiplex real-time PCR for detecting class 1, 2 and 3 integrons. J. Antimicrob. Chemother. 65, 1642–1645. doi: 10.1093/jac/dkq167 

 Berendonk, T. U., Manaia, C. M., Merlin, C., Fatta-Kassinos, D., Cytryn, E., Walsh, F., et al. (2015). Tackling antibiotic resistance: the environmental framework. Nat. Rev. Microbiol. 13, 310–317. doi: 10.1038/nrmicro3439 

 Bibbal, D., Dupouy, V., Ferré, J. P., Toutain, P. L., Fayet, O., Prère, M. F., et al. (2007). Impact of three ampicillin dosage regimens on selection of ampicillin resistance in Enterobacteriaceae and excretion of blaTEM genes in swine feces. Appl. Environ. Microbiol. 73, 4785–4790. doi: 10.1128/AEM.00252-07 

 Briet, A., Helsens, N., Delannoy, S., Debuiche, S., Brisabois, A., Midelet, G., et al. (2018). NDM-1-producing Vibrio parahaemolyticus isolated from imported seafood. J. Antimicrob. Chemother. 73, 2578–2579. doi: 10.1093/jac/dky200 

 Brinkmeyer, R. (2016). Diversity of bacteria in ships ballast water as revealed by next generation DNA sequencing. Mar. Pollut. Bull. 107, 277–285. doi: 10.1016/j.marpolbul.2016.03.058 

 Calero-Cáceres, W., and Balcázar, J. L. (2019). Antibiotic resistance genes in bacteriophages from diverse marine habitats. Sci. Total Environ. 654, 452–455. doi: 10.1016/j.scitotenv.2018.11.166 

 Calero-Cáceres, W., Méndez, J., Martín-Díaz, J., and Muniesa, M. (2017). The occurrence of antibiotic resistance genes in a Mediterranean river and their persistence in the riverbed sediment. Environ. Pollut. 223, 384–394. doi: 10.1016/j.envpol.2017.01.035 

 Chaturvedi, P., Singh, A., Chowdhary, P., Pandey, A., and Gupta, P. (2021). Occurrence of emerging sulfonamide resistance (sul1 and sul2) associated with mobile integrons-integrase (intI1 and intI2) in riverine systems. Sci. Total Environ. 751:142217. doi: 10.1016/j.scitotenv.2020.142217 

 Chen, Y.-R., Guo, X.-P., Niu, Z.-S., Lu, D.-P., Sun, X.-L., Zhao, S., et al. (2020). Antibiotic resistance genes (ARGs) and their associated environmental factors in the Yangtze estuary, China: from inlet to outlet. Mar. Pollut. Bull. 158:111360. doi: 10.1016/j.marpolbul.2020.111360 

 Chen, J., Su, Z., Tianjiao, D., Huang, B., Mu, Q., Zhang, Y., et al. (2019). Occurrence and distribution of antibiotic resistance genes in the sediments of the East China Sea bays. J. Environ. Sci. 81, 156–167. doi: 10.1016/j.jes.2019.01.016 

 Daramola, B. A., Williams, R., and Dixon, R. A. (2009). In vitro antibiotic susceptibility of Vibrio parahaemolyticus from environmental sources in northern England. Int. J. Antimicrob. Agents 34, 499–500. doi: 10.1016/j.ijantimicag.2009.06.015 

 Ergie, A. A., Leng, Y., and Wang, J. (2019). Antibiotics and resistance genes in awash river basin, Ethiopia. EcoHealth 16, 441–453. doi: 10.1007/s10393-019-01431-5 

 Fujii, T. (2015). Temporal variation in environmental conditions and the structure of fish assemblages around an offshore oil platform in the North Sea. Mar. Environ. Res. 108, 69–82. doi: 10.1016/j.marenvres.2015.03.013 

 Gillings, M. R., Gaze, W. H., Pruden, A., Smalla, K., Tiedje, J. M., and Zhu, Y.-G. (2015). Using the class 1 integron-integrase gene as a proxy for anthropogenic pollution. ISME J. 9, 1269–1279. doi: 10.1038/ismej.2014.226 

 Heuer, H., and Smalla, K. (2007). Manure and sulfadiazine synergistically increased bacterial antibiotic resistance in soil over at least two months. Environ. Microbiol. 9, 657–666. doi: 10.1111/j.1462-2920.2006.01185.x 

 Jones-Dias, D., Manageiro, V., Ferreira, E., Barreiro, P., Vieira, L., Moura, I. B., et al. (2016). Architecture of class 1, 2, and 3 integrons from gram negative bacteria recovered among fruits and vegetables. Front. Microbiol. 7:1400. doi: 10.3389/fmicb.2016.01400 

 Laroche, E., Pawlak, B., Berthe, T., Skurnik, D., and Petit, F. (2009). Occurrence of antibiotic resistance and class 1, 2 and 3 integrons in Escherichia coli isolated from a densely populated estuary (seine, France). FEMS Microbiol. Ecol. 68, 118–130. doi: 10.1111/j.1574-6941.2009.00655.x 

 Larsson, D. G. J. (2014). Antibiotics in the environment. Ups. J. Med. Sci. 119, 108–112. doi: 10.3109/03009734.2014.896438 

 Lazard, C., Verin, Y., and Auber, A. (2021). International Bottom Trawl Survey (IBTS2021-Q1)-French cruise report. doi: 10.17600/18000570 

 Leonard, A. F. C., Zhang, L., Balfour, A. J., Garside, R., Hawkey, P. M., Murray, A. K., et al. (2018). Exposure to and colonization by antibiotic-resistant E. coli in UK coastal water users: environmental surveillance, exposure assessment, and epidemiological study (beach bum survey). Environ. Int. 114, 326–333. doi: 10.1016/j.envint.2017.11.003 

 Lv, B., Cui, Y., Tian, W., Wei, H., Chen, Q., Liu, B., et al. (2020). Vessel transport of antibiotic resistance genes across oceans and its implications for ballast water management. Chemosphere 253:126697. doi: 10.1016/j.chemosphere.2020.126697 

 Nakano, M. (2018). 16S rRNA gene primer validation for bacterial diversity analysis of vegetable products. J. Food Prot. 81, 848–859. doi: 10.4315/0362-028X.JFP-17-346 

 Ng, L. K., Martin, I., Alfa, M., and Mulvey, M. (2001). Multiplex PCR for the detection of tetracycline resistant genes. Mol. Cell. Probes 15, 209–215. doi: 10.1006/mcpr.2001.0363

 Paulus, G. K., Hornstra, L. M., and Medema, G. (2020). International tempo-spatial study of antibiotic resistance genes across the Rhine river using newly developed multiplex qPCR assays. Sci. Total Environ. 706:135733. doi: 10.1016/j.scitotenv.2019.135733 

 Pazda, M., Kumirska, J., Stepnowski, P., and Mulkiewicz, E. (2019). Antibiotic resistance genes identified in wastewater treatment plant systems: a review. Sci. Total Environ. 697:134023. doi: 10.1016/j.scitotenv.2019.134023 

 Poeta, P., Radhouani, H., Igrejas, G., Gonçalves, A., Carvalho, C., Rodrigues, J., et al. (2008). Seagulls of the Berlengas natural reserve of Portugal as carriers of fecal Escherichia coli harboring CTX-M and TEM extended-spectrum beta-lactamases. Appl. Environ. Microbiol. 74, 7439–7441. doi: 10.1128/AEM.00949-08 

 Rodriguez-Mozaz, S., Chamorro, S., Marti, E., Huerta, B., Gros, M., Sànchez-Melsió, A., et al. (2015). Occurrence of antibiotics and antibiotic resistance genes in hospital and urban wastewaters and their impact on the receiving river. Water Res. 69, 234–242. doi: 10.1016/j.watres.2014.11.021 

 Schrader, C., Schielke, A., Ellerbroek, L., and Johne, R. (2012). PCR inhibitors - occurrence, properties and removal. J. Appl. Microbiol. 113, 1014–1026. doi: 10.1111/j.1365-2672.2012.05384.x 

 Sivalingam, P., Poté, J., and Prabakar, K. (2020). Extracellular DNA (eDNA): neglected and potential sources of antibiotic resistant genes (ARGs) in the aquatic environments. Pathogens 9:874. doi: 10.3390/pathogens9110874

 Su, H., Hu, X., Wang, L., Xu, W., Xu, Y., Wen, G., et al. (2020a). Contamination of antibiotic resistance genes (ARGs) in a typical marine aquaculture farm: source tracking of ARGs in reared aquatic organisms. J. Environ. Sci. Health B 55, 220–229. doi: 10.1080/03601234.2019.1684747

 Su, Z., Li, A., Chen, J., Huang, B., Mu, Q., Chen, L., et al. (2020b). Wastewater discharge drives ARGs spread in the coastal area: a case study in Hangzhou Bay, China. Mar. Pollut. Bull. 151:110856. doi: 10.1016/j.marpolbul.2019.110856 

 Tanaka, Y., Takahashi, H., Simidu, U., and Kimura, B. (2010). Design of a new universal real-time PCR system targeting the tuf gene for the enumeration of bacterial counts in food. J. Food Prot. 73, 670–679. doi: 10.4315/0362-028X-73.4.670 

 Tao, W., Zhang, X.-X., Zhao, F., Huang, K., Ma, H., Wang, Z., et al. (2016). High levels of antibiotic resistance genes and their correlations with bacterial community and mobile genetic elements in pharmaceutical wastewater treatment bioreactors. PLoS One 11:e0156854. doi: 10.1371/journal.pone.0156854 

 Uyaguari, M. I., Scott, G. I., and Norman, R. S. (2013). Abundance of class 1-3 integrons in South Carolina estuarine ecosystems under high and low levels of anthropogenic influence. Mar. Pollut. Bull. 76, 77–84. doi: 10.1016/j.marpolbul.2013.09.027 

 Vanermen, N., Onkelinx, T., Courtens, W., Walle, M., Verstraete, H., and Stienen, E. (2014). Seabird avoidance and attraction at an offshore wind farm in the Belgian part of the North Sea. Hydrobiologia 756, 51–61. doi: 10.1007/s10750-014-2088-x

 Westhof, L., Köster, S., and Reich, M. (2016). Occurrence of micropollutants in the wastewater streams of cruise ships. Emerg. Contam. 2, 178–184. doi: 10.1016/j.emcon.2016.10.001

 White, D., Lapworth, D. J., Civil, W., and Williams, P. (2019). Tracking changes in the occurrence and source of pharmaceuticals within the river Thames, UK; from source to sea. Environ. Pollut. 249, 257–266. doi: 10.1016/j.envpol.2019.03.015 

 WindEurope (2019). European Offshore Wind Farms Map Public [Online]. Available at: https://windeurope.org/ (Accessed March 02, 2022).

 Xu, L., Chen, H., Canales, M., and Ciric, L. (2019). Use of synthesized double-stranded gene fragments as qPCR standards for the quantification of antibiotic resistance genes. J. Microbiol. Methods 164:105670. doi: 10.1016/j.mimet.2019.105670 

 Zhang, X. X., Zhang, T., and Fang, H. H. (2009). Antibiotic resistance genes in water environment. Appl. Microbiol. Biotechnol. 82, 397–414. doi: 10.1007/s00253-008-1829-z


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.

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.

Copyright © 2022 Bourdonnais, Colcanap, Le Bris, Brauge and Midelet. 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/images/fmicb-13-883081-g005.jpg





OPS/images/fmicb-13-883081-t001.jpg
Gene Primer/probe sequences QPCR conditions QPCR parameters. References
uf ACHGGHRTHGARATGTTCCG 96°C—5min (1cycle);  E=73.4% Tanaka et al., 2010
GTTDTCRCCHGGCATNACCAT 95°C—10s, 60°C—30s, 20,9989
72°C—15s (d5cycles)
totA GCTACATCCTGCTTGCCTTC 96°C—5min (1oydle);  £=84.8% N et al,, 2001
CATAGATCGCCGTGAAGAGG 95°0—10s, 60°C—30s, 20,9873
72°G—5s (45cycles)
blarey TICCTGTTTTIGCTCACCCAG 95°C—5min (1cyde);  E£=93.5% Bibbal et al., 2007
CTGAAGGATCTTACCGCTGTTG 95°0—10s, 60°C—30s, 2 _0,9992
72°C—5s (45cycles)
intl1 GCCTTGATGTTACCCGAGAG 95°C—5min (1cycle);,  £=103.3% Barraud et al., 2010
GATCGGTCGAATGCGTGT ?5°C*7 ‘zoév 6?°C* 20,9953
min, 72°C—1s.
(6-FAMATTCCTGGCCGTGGTTCTGAGTTTTBHAT  (45.0ycies)
sult CCGTTGGCCTTCCTGTAAG 96°C—5min (1oydel:  £=110.1% Heuer and Smala, 2007
TIGCCGATCGCGTGAAGT 96°C—10s,60C—  2_0.994

(FAM)CAGCGAGCCTTGCGGCGG(TAMRA)

1min, 72°C—1s
(a5cycles)






OPS/images/fmicb-13-883081-g003.jpg
54°N
Log(gene copies /
mL of seawater)
® 35
SN ® 40
@ 45
@ so
52°N
Sampling area
® EC
e EE
51°N o MNS
° NN
T
50°N ©WN
49°N

0° 2°E 4°E B°E





OPS/images/fmicb-13-883081-g004.jpg
Relative abundance
08
o7
06
05
04

intl1 -

tetA-
ul-

3
seuab Jojesipu|





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Occurrence of Indicator Genes of Antimicrobial Resistance Contamination in the English Channel and North Sea Sectors and Interactions With Environmental Variables



		Introduction



		Materials and Methods



		Sample Collection and Sample Preparation by Filtration



		Total DNA Extraction



		Quantification of the Four tetA, blaTEM, sul1, and intI1 Indicator Genes by qPCR



		Quantification of Microbial Population (tuf Gene) by qPCR



		Data Analysis and Statistics









		Results



		Absolute Abundance of the Four tetA, blaTEM, sul1, and intI1 Indicator Genes and the tuf Gene



		Relative Abundance of the Indicator Genes



		Correlations Between the Absolute Abundance of the sul1, intI1, tuf Genes and the Environmental Variables









		Discussion



		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References



















OPS/images/fmicb-13-883081-g001.jpg
54°N

53°N

52°N

51N

50°N

49°N

osuae

o North Sea

swis g MW ortl w2
Swas 4

Fowtt b

oswz  msws TR

England

Belgium

English Channel

France

[ — LT

0° 2°E 4°E 6°E

* B + m > e

East England coast (EE)
East English Channel (EC)
Middle of the North Sea (MNS)
North Netherlands coast (NN)
Thames mouth (T)

West Netherlands coast (WN)





OPS/images/fmicb-13-883081-g002.jpg
A B c Sampling area

L% -
o EE
54°N * MNS
° NN
53N _
o OWN
52N
w1k Log(gene copies /
mL of seawater)
50°N v e
® 20
49°N ® 25
0 2B 4E  &E o E 4E  6E o 2E 4E  6E @ 30

@ 35





OPS/images/cover.jpg
, frontiers | Frontiers in Microbiology

Occurrence of Indicator Genes of
Antimicrobial Resistance
Contamination in the English
Channel and North Sea Sectors and
Interactions With Environmental
Variables









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers Frontiers in Microbiology





