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Several studies have investigated the effects of swimming in sewage-polluted recreational beach water, highlighting the associated health hazards. To mitigate potential pathogen transmission, it is imperative that the polluted water is released away from recreational waters and foreshores, where children tend to play. At present, domestic sewage in the Faroe Islands solely undergoes primary wastewater treatment within primary settling tanks before being discharged into the ocean. Effluents are a major anthropogenic source of antibiotic resistance genes and antibiotic resistant bacteria, which are released into the environment. The aim of this study was to investigate antibiotic resistant Gram-negative bacteria and antibiotic resistance genes in influents and effluents of wastewater subjected solely to primary treatment, along with their release into the environment during both summer and winter. Water samples were collected from influents and effluents as well as with increasing distance away from the wastewater outlet and from nearby tidepools. Samples were cultured on MacConkey agar with four different antibiotics for detection of antibiotic-resistant bacteria and antibiotic resistance genes were quantified by droplet digital PCR. All multi-drug resistant bacteria were identified using the API 20E kit. We observed an overall decrease of the abundance of Gram-negative bacteria from the effluents compared to influents, however, we observed the opposite trend in the antibiotic resistance genes. Antibiotic resistant bacteria and antibiotic resistance genes in addition to multi-drug resistant bacteria were found in the surrounding oceanic and several terrestrial tidepool samples. Of the multi-drug resistant bacteria, we found, e.g., Escherichia coli, P. aeruginosa, and A. hydrophila species, which can be pathogenic, potentially causing an infection if encountering a host. These results indicate a relatively wide pollution range of the effluents from the septic tank and treated sewage released into the environment, posing a potential hazard for both humans and wildlife.
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INTRODUCTION
Recent research has unveiled new insight into the composition of wastewater and its environmental implications globally (J. Li and Zhang, 2019; Pendergraft et al., 2023). Of particular concern is the presence of antibiotic resistant bacteria (ARB) and antibiotic resistance genes (ARGs) in wastewater and its release into the environment (Da Silva et al., 2006; Munk et al., 2022). This concern stems in part from the fact that antibiotic resistance represents a significant and pressing threat to global health (WHO, 2020) and was estimated to directly cause 1.27 million deaths and associated with ˜ 5 million deaths globally in 2019 (Global burden of bacterial antimicrobial resistance in 2019: a systematic analysis, 2022).
Municipal wastewater systems have been identified as significant reservoirs and hotspots for ARB and ARGs (Da Silva et al., 2006; Berendonk et al., 2015; Cesare et al., 2016; Fouz et al., 2020). These systems receive wastewater from various sources, including households, hospitals, and industries, which can contain a wide range of antibiotics and human gut bacteria. While bacterial concentrations typically diminish throughout wastewater treatment plants, a significant load can persist, ultimately being discharged into the environment and posing potential exposure to nearby animals and humans (Akiyama and Savin, 2010). Studies have also illustrated the mobilization of ARGs in wastewater, even spreading to divergent bacterial phyla and potentially undergoing further evolution (Berendonk et al., 2015; Shi et al., 2023; Ochman et al., 2024). A recent study demonstrated that reduction in tetracycline resistance genes after primary treatment seemed to be insignificant but reduced after secondary treatment (Ochman et al., 2024), highlighting the importance of properly treating wastewater before its release into the environment.
One consequence of the spread of ARGs and ARB into the environment is that pathogenic bacteria that previously were thought to be controlled, are resurfacing in new, more resistant forms, rendering traditional antibiotic therapies ineffective (Levy and Marshall, 2004). Unlike many chemical contaminants that tend to decrease in concentration through processes like degradation, dilution or sorption, ARB and mobile genetic elements containing ARGs can persist and even spread in the environment (Berendonk et al., 2015).
This investigation focused on specific ARGs deliberately chosen to typify genes commonly present in wastewater, demonstrating resistance across multiple antibiotic classes, β-lactams (blaOXA-like genes), sulfonamides (sul2) and tetracyclines (tetA) (Auerbach et al., 2007; Du et al., 2007; Zieliński et al., 2019; Munk et al., 2022).
Several studies have investigated the effects of swimming in sewage polluted recreational beach water, demonstrating a health hazard and increased cases of GI (gastrointestinal) illnesses such as vomiting and diarrhoea (Dwight et al., 2004; J; Li and Zhang, 2019; Wade et al., 2010). Thus, it is imperative that the polluted water is released away from recreational waters and foreshores, where children tend to play. However, pollution from wastewater is not only limited to the coastal waters where it is discharged, bacteria has also been found to transfer from the polluted ocean to the atmosphere in sea spray aerosol, affecting more individuals than previously anticipated (Pendergraft et al., 2023).
For densely populated areas, large wastewater treatment plants (WWTPs) use treatments such as biological treatment, chemical treatment, and radiation to eliminate most contaminants (Lira et al., 2020). Currently, household sewage in the Faroe Islands exclusively undergoes primary wastewater treatment through individual or communal septic tanks (Umhvørvisstovan, 2023). Substances denser and lighter than water remain in the primary settling tanks and the wastewater is subsequently discharged through outlets into the ocean; in certain locations discharge is only 3 m from the shoreline (The municipality of Tórshavn, 2021; Kunngerð um spillivatn, 2009). As the Faroe Islands are surrounded by turbid waters, the general idea is that the ocean dilutes wastewater to such a degree that it poses little to no risk to the environment or humans. However, more recent reports show that in some areas the concentrations of faecal indicators are higher than the recommended threshold for recreational purposes (The municipality of Tórshavn, 2023).
Antibiotics can enter the sewage system by inappropriate disposal or in urine and excrements as parent compounds or metabolites (Kümmerer, 2009; Leung et al., 2012). Sub-inhibitory concentrations of antibiotics present in sewage serve as an optimal environment for development of antibiotic resistance, partly due to selection pressure (Da Silva et al., 2006; Auerbach et al., 2007). The effect of antibiotics in wastewater is not fully understood but it can cause alterations in bacteria, such as changes in the expression of virulence genes, in the transfer of antibiotic resistance and affect cell functions (Ohlsen et al., 1998; Goh et al., 2002; Scornec et al., 2017) potentially causing great environmental damage of unknown proportions.
No studies have investigated whether bacteria from wastewater can be detected on land and in the ocean surrounding the wastewater outlets in the Faroe Islands and its possible effect on wildlife as well as humans on land. The aim of this study is to evaluate presence and abundance of ARB and ARGs at three locations within Tórshavn municipality. In particular, we want to investigate if there is an increase in the concentration of antibiotic resistant Gram-negative bacteria and of specific ARGs in the effluents compared to the influents to provide insight into the effect of the primary treatment processes on ARB and ARG concentrations. Additionally, we seek to assess the extent of dissemination into the marine ecosystem and identify multi-drug resistant bacteria present.
METHODS
Combined, there are 20 outlets releasing wastewater in Tórshavn, Argir, and Hoyvík. Three of these outlets Skansin (Station S), Argir (Station A), and Havnará (Station H) are subjected to primary treatment and subsequently discharged into the ocean. Station S and Station A have smaller and larger primary settling tanks, where sewage from multiple households and businesses are combined and undergo primary treatment. The Skansin (Station S) outlet is situated in the North-eastern part of Tórshavn and releases wastewater from >550 citizens ˜ 3 m from land (Figure 1A). In Argir, the South-eastern part of Tórshavn, wastewater is collected from ˜ 3,100 individuals and is discharged ˜ 50 m away from the shore, within the pier (Figure 1B).
[image: Figure 1]FIGURE 1 | Sampling locations at Station S and H (A), and at Station A (B). Circles are oceanic samples, rectangles are tidepools on land, clouds are samplings from the well. The star is where the effluents are released into the ocean. (A) S-1N = influents, S-OUT = effluents, H0 = effluents. (B) A-OUT = effluents, no influent samples were accessible for this location.
On the shore right next to Skansin there is an outlet that originates from the main river that flows, mostly under the streets, through the centre of Tórshavn (Supplementary Figure S1). This river (Havnará, Station H) carries waste from some relatively large corporations, institutions, and approximately 6,000–7,000 citizens (Supplementary Table S1). The wastewater from these three outlets (Station S, A and H) and its distribution in the surrounding areas will be the focus of this study.
Sample collection
Thirty-three samples were collected on 17 August 2022 and 31 samples on 7 February 2023 from all stations (S, A, and H, Figure 1). In addition, samples were collected from Gomlurætt Station G at the same dates as a negative control site, situated relatively far away from any settlements approx. 15 min drive from Tórshavn. We filtered 250–300 mL of water from all samples collected with increasing distances away from the wastewater outlets (source).
At Station S (Figure 1A), we collected influents and effluents from the primary settling tank (S-IN and S-OUT) as well as eight marine water samples (S1-S8) from the ocean close to the shore. In addition, samples were collected from four different tidepools (SP1-SP4). In the same area, effluents from Havnará (H0) and four marine water samples (H1-H4), with increasing distance from H0, were collected (Figure 1A).
At Argir (Figure 1B), effluents (A-OUT) and ten marine water samples (A1-A10) were collected from the shore with increasing distance from the wastewater outlet, as well as samples from five different tidepools (AP1-AP5) on the foreshore. All samples from effluents and influents were tested in triplicates.
All samples were transported back to the laboratory and kept cold until further processing done on the same day of collection. All samples were cultivated and tested for gene copy numbers of blaOXA-like genes, tetA, and sul2. Multi-drug resistant (MDR) colony forming units (CFUs) were species identified. Samples for cultivation were preserved in glycerol by adding 7–8 mL of each water sample in 15 mL tubes with autoclaved glycerol, with the ratio of water sample to glycerol being approx. 1:4. The tubes were frozen at 80°C prior to further processing (Islam, n.d, 2023). Samples to be analyzed for ARGs were immediately filtered using 0.22 μm Sterivex™ (Millipore). Approx. 300 mL of each water sample was filtered by forcing the liquid through each filter, using a sterile syringe. With some highly concentrated samples, less than 100 mL could be filtered. The sterivex filters were frozen at −80°C until further analysis.
Cultivation of bacteria
Frozen samples were thawed prior to cultivation. An amount corresponding to 100 µL of water sample was pipetted onto Petri dishes containing just MacConkey agar (MacConkey agar No. 2, Oxoid) and Petri dishes containing MacConkey agar and ampicillin. Concentrated samples of influents and effluents were diluted through a serial dilution to 10−2 and 10−3, before being added onto agar plates.
To spread the sample on the agar plates, a spread plate technique called “Copacabana” was performed, using sterile glass beads (Dahal, 2022). Beads were added to the Petri dish before putting the lid back on the plate. The agar plate was then slid back and forth to distribute the sample on the plate. The beads were removed, and agar plates incubated for 48–72 h at 37 °C. Colony forming units (CFUs) were counted after 24 h, 48 h and 72 h because colonies from the thawed samples required a longer time to develop.
Antibiotics preparations
Antibiotics in powder form were dissolved in autoclaved, distilled water and diluted to achieve minimum inhibitory concentration (MIC) for the respective antibiotics in agar (Supplementary Table S2). The Minimum Inhibitory Concentrations (MICs) were derived from antibiotic susceptibility testing performed on enteric bacteria by the National Antimicrobial Resistance Monitoring System for Enteric Bacteria (NARMS). The concentrations considered were specifically those relevant to Shigella, Salmonella, and E. coli (Escherichia coli). These bacteria, being opportunistic pathogens, are commonly employed for the assessment of microbial quality in water.
A few drops of HCl were added to the ciprofloxacin solution to make it dissolve completely. The antibiotic solutions were filtered through 0.22 μm Sterivex™ filters (Millipore). Antibiotic solutions were then added to liquid MacConkey agar that had cooled to 50°C and poured into Petri dishes.
MDR testing and bacteria identification
Colonies resistant to ampicillin were subsequently tested for multi-drug resistance. They were subjected to tetracycline, ciprofloxacin, kanamycin, and ampicillin in agar at concentrations corresponding to their respective MIC (Supplementary Table S2). Ampicillin agar plates were a positive control.
Triplicate samples were inoculated, however due to the high number of CFUs on each agar plate, the one with the highest amount of CFUs was selected for MDR testing using the API 20E system. In the assessment of MDR, the CFUs that were resistant were further tested for identification (Supplementary Figure S2). To identify the MDR bacteria, API 20 E kit (bioMérieux) was used as described by the manufacturer. API 20E kit is used to identify bacteria belonging to the Enterobacteriaceae family and other non-fastidious Gram-negative bacteria. Before the identification using the API 20 E kit, the individual MDR colonies were re-streaked 4 times on MacConkey agar and incubated at 37°C to get pure colonies that were no older than 24 h.
Freshly isolated colonies were also subjected to an oxidase test. A drop of oxidase reagent (bioMérieux) was added onto clean filter paper placed in a Petri dish and a sterile inoculation loop was used to transfer bacteria onto the filter paper. A positive reaction turned the colony purple within approximately 10 seconds and a negative reaction left the colour unchanged (UK Standards, 2009).
DNA extraction and ddPCR
DNA was extracted from the sterivex filters using DNeasy® PowerWater® Sterivex™ Kit (Qiagen) as described by the manufacturer. The concentration of the DNA was measured using Qubit (Invitrogen) as described by the manufacturer.
Absolute quantification of the genes blaOXA, tetA, and sul2 (Table 1) was performed using ddPCR and EvaGreen Supermix (BioRad) according to the manufacturer’s protocol. Threshold was set based on the number of positive droplets in the negatives for each of the genes (Supplementary Figure S5).
TABLE 1 | Primers used for quantification of blaOXA-like genes, tetA gene and sul2 gene in the samples.
[image: Table 1]Statistical analysis
T-tests, means, and variance was calculated to assess statistical differences between: Summer and winter samples, influents (S-IN) and effluents (S-OUT), blaOXA-like genes, tetA, and sul2. When comparing temporal data, only samples with data from all relevant dates were used. When cultivating bacteria on agar, marine water samples and tidepools were not made into triplicates and were for that reason not used to make statistical tests. All other samples were done in triplicates and could be used for statistical analyses. A few of these samples had CFU counts fewer than ten, but the triplicates had little variation in CFUs, indicating consistency in pipetting technique.
RESULTS
Culturable bacteria and antibiotic resistance gene concentrations
Culturable bacterial concentrations (grown on MacConkey agar) in source samples (S-IN, S-OUT, A-OUT and H0) ranged from ∼5 × 104–1.6×105 bacteria/mL bacteria/mL in summer and ∼1.2 × 104–9.9×104 bacteria/mL in winter (Figure 2; Supplementary Table S3), with a significant difference between the seasons for all source locations at stations S, A and H (p = 0.019).
[image: Figure 2]FIGURE 2 | Culturable bacteria/mL from source, tidepools and marine water samples. Samples from Station S, A and H, summer (August 17, 2022) and winter (February 7, 2023). (A) Bacterial concentrations from source samples in summer (B) Bacterial concentrations from source samples in winter. (C) Bacterial concentrations from tidepools and marine water samples in summer. (D) Bacterial concentrations from tidepools and marine water samples in winter.
The ARG concentrations in source samples from stations S, A and H showed similar trends to the culturable bacteria with higher concentrations in summer than winter. In the summer tetA, blaOXA-like genes, and sul2 had concentrations of ∼2.2 × 104–1×105, ∼1.8 × 104–6.4×104, and ∼1.2 × 104–6×104 gene copies/mL, respectively, and winter concentrations of ∼5 × 103–1.1×104, ∼3 × 103–6×103, and ∼5 × 103–1.5×104 gene copies/mL, respectively (tetA p = 0.032, blaOXA–like genes p = 0.033, and sul2 p = 0.037).
In addition, both culturable bacteria and ARGs, showed opposite trends between influent and effluent concentrations (S-IN and S-OUT), for summer especially. There were significantly fewer culturable bacteria released into the environment (t-test, p = 0.028) but relatively higher concentrations of ARGs. This was especially pronounced during the summer while ARG concentrations were approximately the same for S-OUT and S-IN in the winter samples for tetA and sul2.
Compared to the source samples, relatively low concentrations of both culturable bacteria and ARGs were found in the environment (Figure 2; Figure 3). Concentrations of bacteria ranged from ∼0 to 400 bacteria/mL in the summer and ∼0–500 bacteria/mL in the winter (Figure 1; Supplementary Table S3). All ARGs also showed this same trend with ∼0–1.5×103 gene copies/mL in the summer and ∼0–3.8×103 in the winter. Station A generally had lower bacterial and ARG concentrations in the environment (A1-A10) and tidepools (AP1-AP5), compared to the environmental samples (S1-S8) and tidepools (SP1-SP4) from Station S (Supplementary Table S3). Environmental samples from Station H (H2-H4), had higher bacterial and gene concentrations, where winter had the highest concentrations measured in any environmental sample at 530 bacteria/mL, ∼2×103 blaOXA-like gene copies/mL, ∼3.8×103 tetA gene copies/mL, and ∼3.2×103 sul2 gene copies/mL (Figure 2D; Figure 3B).
[image: Figure 3]FIGURE 3 | Gene copies/mL from all locations; seawater, tidepools and source. Samples from Station S, A and H, summer (August 17, 2022) and winter (February 7, 2023). Data does not exist for all locations on both dates (Supplementary Table S3). (A) blaOxA—like gene concentrations in source samples. Shown as 1/1,000 of the actual concentrations. (B) blaOxA—like gene concentrations in marine water samples and tidepools. Values are on a logarithmic scale. (C) tetA concentrations in source samples. Shown as 1/1000 of the actual concentrations. (D) tetA concentrations in marine water samples and tidepools. Values are on a logarithmic scale. (E) sul2 concentrations in source samples. Shown as 1/1000 of the actual concentrations. (F) sul2 concentrations in marine water samples and tidepools. Values are on a logarithmic scale.
The highest concentrations of culturable bacteria found in the tidepools were in Station S in SP1 at 140 bacteria/mL. Highest number of gene copies were in AP4 and SP3. AP4 had 500 tetA gene copies/mL, ∼220 blaOXA-like gene copies/mL. SP3 had ∼460 sul2 gene copies/mL (Figure 3; Supplementary Table S3). Several of the tidepools had higher ARG concentrations than the marine water samples close to the effluent outlets (Supplementary Table S3).
Gomlurætt (Station G) was used as background sample and had zero culturable bacteria, and gene copies ranged from 0–11 copies/mL (Supplementary Table S3). Of all the samples collected for gene copy numbers, 18 samples of blaOXA-like genes, 9 samples of tetA and 12 samples of sul2 contained a greater amount of gene copies/mL in summer compared to winter, however the difference was only statistically significant for sul2 (blaOXAlike genes p = 0.059, tetA p = 0.067, sul2 p = 0.048).
Dilution of culturable bacteria and antibiotic resistance genes
At both Station S and Station A, the highest environmental bacterial and gene concentrations were found in the locations nearest the effluent outlets in both summer and winter, around S5 and S6 (Station S) and at A5 and A6 (Station A), compared to the other marine samples (Supplementary Table S3). The concentrations of bacteria/mL and blaOXA-like genes, tetA and sul2 gene copies/mL decreased drastically within the first 40 m from the effluent outlet (Figure 4).
[image: Figure 4]FIGURE 4 | Concentrations in marine water samples with distance from the effluent outlet in the ocean. Distance from sample location to effluent outlet was measured on kortal.fo. (A) Culturable bacteria/mL in marine water samples at their distance from the effluent outlet. Samples are from Station S, A and H. (B) blaOxA—like genes, tetA and sul2 gene copies/mL in marine water samples at their distance from effluent outlet. Samples are from Station S, A and H.
The highest ARG concentrations were measured at Station H and Station S (Supplementary Table S3). The samples closest to the effluent outlet at Station S and H were within 20 m from the effluent outlet in contrast to the closest sample at Station A, which was located 36 m from the effluent outlet.
Sampling locations furthest from the effluent outlet still contain bacteria and ARGs exceeding the background concentration. S8, which is the sampling location furthest from the effluent outlet at Station S (59 m), had 20 culturable bacteria/mL in winter and zero in summer and ARG concentrations all exceeding the background concentration ranging from 21 to 116 gene copies. A10 at Station A is 162 m from the effluent outlet and had zero culturable bacteria but all ARG concentrations, except sul2 in summer, exceeded the background concentrations.
Multi-drug resistance and species identification
In all source samples (S-IN, S-OUT, A-OUT and H0), there were fewer CFUs growing on MacConkey agar with ampicillin compared to CFUs growing on MacConkey agar without ampicillin (Figure 5). Concentrations of culturable bacteria on McConkey agar with ampicillin from the source ranged from ∼4.3 × 104–9×104 ampicillin-resistant bacteria/mL in the summer, and ∼5 × 103–1.3×103 ampicillin-resistant bacteria/mL in the winter (p = 0.013). The collective samples exhibit an average resistance of 61% to ampicillin. The highest (90%) and lowest (45%) percentage of ampicillin resistant bacteria were found in H0 in summer and winter, respectively (Figure 5). A higher number of ampicillin resistant bacteria was found in most tidepools from Stations S compared to Station A.
[image: Figure 5]FIGURE 5 | Ampicillin-resistant culturable bacteria/mL (AMP) vs. culturable bacteria/mL grown on agar without ampicillin (MC). Samples from source (S-IN, S-OUT, A-OUT and H0) and background sample from Gomlurætt (G) grown on agar with ampicillin (AMP) and without ampicillin (MC), situated side by side in the figure. Samples are from summer (August 17, 2022) and winter (February 7, 2023). Concentrations are based on the mean of triplicates.
Of all 565 ampicillin-resistant bacteria tested for multi-drug resistance, summer, and winter, 39% of them were resistant to tetracycline, 33% to kanamycin and the least resistance was to ciprofloxacin at 19% (Figure 6B). Similar pattern of resistance was observed at Station A and S, but not for Station H, where resistance to kanamycin rather than tetracycline was highest (Figure 6B). Only bacteria from the replicate with the highest number of colonies were identified, resulting in 87 bacteria in total from winter and summer. Of 87 only 67 bacteria could be identified, 54 of which belonged to the Enterobacteriaceae family, while 13 belonged to other bacterial families (Figure 6A). Specific locations of the identified bacteria are listed in the Supplementary Table S4. 41 out of 87 were identified as Klebsiella (47%). 20 of these were Klebsiella pneumoniae spp. 1 and 2, while 20 were K. oxytoca, and one was only identified as Klebsiella. 15 out of 87 (17%) tested MDR bacteria tested positive for oxidase. Ten of these were not identified, while the other five were: Pseudomonas species and Aeromonas and Elizabethkingia belonging to the classes Gammaproteobacteria and Flavobacteria, respectively.
[image: Figure 6]FIGURE 6 | Identified genus of MDR bacteria (A) and the ratio of antibiotic resistance to the different antibiotics transferred from agar containing ampicillin (B). (A) Genus of identified bacteria from source samples (S-IN, S-OUT, A-OUT and H0) and the environmental samples, including tidepools and seawater. “Unidentified” are MDR bacteria that could not be identified using the API 20 E kit. More bacteria from source were subjected to MDR testing, hence the larger difference in number of bacteria in this category. (B) n = 564. Ratio is based on the mean of how many of the ampicillin-resistant bacteria were resistant to ciprofloxacin (cip), kanamycin (kan) and tetracycline (tet).
DISCUSSION
Bacteria and antibiotic resistance genes
When comparing influents and effluents from Station S (S-IN and S-OUT respectively), S-IN contained a significantly higher concentration of bacteria, when cultivated on agar, compared to S-OUT, demonstrating that the primary treatment is reducing the number of culturable bacteria being released into the environment. Bacteria transferred from their niche to an environment with different temperatures and conditions, such as gut bacteria transferred to sewage, can also enter the viable but non-culturable (VBNC) state due to the stressful conditions, which could also affect the bacterial count on agar (Du et al., 2007; Li et al., 2014). This could presumably account for a small decrease seen from S-IN to S-OUT, while much of the decrease in bacterial concentration could be due to bacteria dying in the well or being withheld in the well along with the solids.
In contrast to the tendency of culturable bacterial concentration, blaOXA-like genes, tetA and sul2 concentrations were generally higher in S-OUT compared to S-IN, especially in summer. This could indicate that horizontal gene transfer occurs in the well at Station S. This is in accordance with other studies, demonstrating that wastewater treatment plants could function as horizontal gene transfer hotspots (Berendonk et al., 2015). Instead of reducing the number of antibiotic resistance genes released into the environment, in this instance, the concentrations are increased.
Horizontal gene transfer most likely happens through conjugation, as the resistant bacteria are in close contact with other non-resistant bacteria in the wells (Norman et al., 2009; Wintersdorff et al., 2016). Wastewater treatment in the Faroe Islands does not consist of the removal of chemicals, which means that antibiotics also end up in the effluents. Broadly speaking, antibiotic concentrations in untreated sewage are typically around 1 ug/L, which can cause selection pressure for antibiotic resistance (Larsson and Flach, 2022).
The presence of antibiotics has also been shown to induce competence in several species of bacteria, competence being a physiological state that is necessary for most bacteria to take up free DNA (Thomas and Nielsen, 2005; Huddleston, 2014). The HGT could therefore also happen through transformation. Antibiotics are then not only selecting for resistance but also act as a catalyst for transformation of antibiotic resistant genes.
Multiple ARGs are often located on the same resistance plasmids, giving resistance to multiple classes of antibiotics at once during HGT. The copy number of plasmids in each bacterium can vary, depending on the type of plasmid (Rozwandowicz et al., 2018). The generally higher tetA concentrations compared to blaOXA-like genes and sul2 does not necessarily indicate more tetracycline-resistant bacteria, but rather serve as an indication of ARG pollution, potentially leading to increased resistance in the surrounding environment. High levels of ARGs in the environment can also be an indicator of large amounts of wastewater reaching the specific location, which is the case in this study.
Both the ARG concentration and the ratio of ampicillin-resistant bacteria increased in S-OUT compared to S-IN in summer, indicate selection pressure on the culturable bacteria (Figure 3; Figure 5). However, more samples are required to give more insight into the seasonal and daily fluctuation of ampicillin resistance, due to the large variation between sampling events. Looking at bacterial counts from cultivation on agar, a significant difference was seen in the mean bacterial concentration of source samples between summer (17 August 2022) and winter (7 February 2023), with over threefold as many bacteria in summer. Weather conditions might have influenced these results. As storm sewers are connected to the sewage pipes, precipitation might dilute the wastewater, leading to lower bacterial concentrations/mL. In February, it had rained the previous day, compared to August, when it had been sunny and dry for days prior to the sampling event (Supplementary Figure S3; Figure 4). Temperature could also be a factor influencing the viability of the bacteria as well as the ARGs (Gutiérrez-Cacciabue et al., 2016; Yang et al., 2020). A study has demonstrated a strong correlation between temperature and the abundance of ARGs, where abundance was lower in winter, when temperatures were low (Yang et al., 2020). This is in accordance with our findings from the gene quantification of tetA, blaOXA-like genes and sul2, where there also was a statistically significant decrease in the concentration of gene copies/mL in winter compared to summer in the source samples.
Dilution of bacteria and antibiotic resistance genes
Through cultivation of samples on MacConkey agar and quantification of blaOXA-like and tetA genes, there was a general tendency of lower concentrations in the marine water samples from Station A (Supplementary Table S3), where the wastewater outlet is situated farther away from land (50 m), than the wastewater outlets at Station S (3 m) and Station H (0 m). The concentration of bacteria and blaOXA-like genes, tetA and sul2 in the effluents from Station A were approximately the same as in the effluents from Station H and Station S, or higher, and does therefore not account for the low bacterial and ARG concentrations in the environment at Station A. In some instances, the concentrations in effluents from Station A were, in fact, the highest of the effluents measured on certain dates. This gives an indication, that the distance from wastewater release to land affects the dilution of wastewater and contamination reaching the foreshore, which is important to consider for city planning and potentially hazardous recreational areas. The relatively high concentrations in marine water samples closest to the wastewater outlets, both at Station A and Station S, further support the tendency of decreasing concentrations with distance from the effluent discharge.
At Station S, S1 had a higher bacterial concentration in winter than S2 and S3, which are situated closer to the wastewater outlet (Figure 1A). This tendency was also seen for blaOXA-like genes, tetA and sul2 concentrations in these locations (Figure 3). On the collection date, the ocean current was flowing towards the sampling locations and was predominately directed towards S1 (Supplementary Figure S4). This could indicate that not only distance is of importance, but that currents could also affect the spread of wastewater contamination.
Most tidepools had ARG concentrations exceeding the background concentration. In addition, at Station S, culturable bacteria were detected in three tidepools, indicating that treated sewage reaches the tidepools through sea spray aerosols or by surf, which would be in accordance with research regarding the transfer of wastewater in aerosols (Pendergraft et al., 2023). Two tidepools at Station A and one at Station S only contained ARGs and no culturable bacteria. ARGs can persist longer in the environment (especially those carried on plasmids) than bacteria and could have been transferred either as free ARGs or with bacteria by surf during turbulent weather or aerosols, persisting after the bacteria died (Zhang et al., 2018). However, the bacteria and ARGs could also have been transferred from wildlife, such as rats, in the nearby environment. The normally nocturnal rat species (Rattus Norwegicus) present in the Faroe Islands, was spotted multiple times while sampling in the daytime, indicating an abundant rat population on the foreshore (Puckett et al., 2020). Rats were observed at Station A, although more frequently at Station S. The rats are in close contact with wastewater from the well, being situated only 3 m from land and with wastewater from Station H, which is an open cave, both serving as an abundant and easily accessible food source. Rats can contaminate the surrounding area with their own urine and faeces and are also plausible vectors and reservoirs of contaminants from sewage such as pathogenic and multi-drug resistant bacteria, spreading them to tidepools and terrestrial ground (Byers et al., 2021).
Station H is the location, where the effluent outlet is closest to land. The reason for the high concentrations of bacteria and ARGs at this location compared to the other locations is presumably also because the area is relatively isolated, decelerating the dispersion of wastewater (Supplementary Figure S1). Without specific metrics in the guidelines, stating that there should be no accumulation of wastewater in the environment (Kunngerð um spillivatn, 2009), the meaning of accumulation becomes a subjective assessment. However, with constant flow of wastewater and bacteria, there is no need for accumulation to maintain high bacterial concentrations.
To ensure statistical accuracy of bacterial numbers, it is common practice to plate the samples in triplicates and count the CFUs from plates that contain a visible colony amount ranging from ∼20 to 200. However, in several of the environmental samples in our study, this criterion was not fulfilled, resulting in the low bacterial abundances, and the exclusion of the environmental samples from statistical tests. Nevertheless, despite their unquantifiable nature, they still provide valuable information by indicating the presence of bacteria and have therefore been included in Supplementary Table S3, as well as in Figure 2D. Similar tendencies were generally seen in the concentrations of blaOXA-like genes, tetA and sul2 in the marine water samples as in the cultivated samples. ddPCR allows for absolute quantification of samples containing low concentrations of ARGs (Taylor et al., 2017), adding to the reliability of the concentrations in the cultivated samples. To increase the reliability of the results from statistical tests, biological triplicates of all samples and more frequent sampling could further strengthen the tendencies observed in our study. However, the background sampling from Station G was made into triplicates and indirectly served as a control for contamination, as the background samples did not have any CFUs (apart from 1 single CFU on one plate out of several, Supplementary Table S3), we still deem our data reliable. The low concentration in the background sample from Station G gives an indication of the bacteria found at Stations S, A and H being a result of wastewater contamination. If this were not the case, the background samples would likely have had a higher bacterial concentration or a concentration in the same range as those seen at Station S, A and H. This gives further confidence to the CFUs from environmental samples not being due to contamination or due to ubiquitous bacteria.
Wastewater contamination in Tórshavn has been investigated previously, but little is known about how winds and currents affect the advection, diffusion, and dispersion of effluents in the ocean (The Municipality of Tórshavn, 2021). Attempts have been made abroad to predict and simulate effluent release and spread and could determine, that wastewater released many meters under the ocean surface tends to spread upwards in all directions, without contaminating the deeper layers due to the lower density of the treated sewage water compared to the surrounding ocean (Thupaki et al., 2010; Dumasdelage and Delestre, 2020). So even though the wastewater outlet at Station A is situated around 5 m below the surface, the wastewater is not necessarily dispersed at that depth predominately.
Seabirds were observed to cluster around the plume where wastewater is released in the ocean, presumably feeding off the effluents. Small birds were also seen in the cave, where effluents from Station H are led into the ocean. Birds that have been in contact with sewage or sewage contaminated waters have been shown to contain a higher amount of resistance genes than other birds, serving as vectors and reservoirs of ARGs (Marcelino et al., 2019). Northern fulmars (Fulmaris glacialis) are frequently hunted for food by Faroese people and these birds were in particular seen gathering around the wastewater. The close contact during hunting could possibly cause pathogenic and multi-drug resistant bacteria to be transmitted to humans. The birds can travel long distances, possibly spreading the contaminants even further. Our study gives an indication of the bacterial and ARG concentrations that humans and wildlife can be exposed to at the foreshore near wastewater outlets in Tórshavn.
Multi-drug resistance
Out of all the multi-drug resistant (MDR) bacteria tested using API 20 E, ∼62% belonged to the Enterobacteriaceae family, which are common inhabitants of the human GI tract. In fact, E. coli, which belongs to this family, is an indicator of faecal contamination (Holcomb and Stewart, 2020).
Escherichia coli and Klebsiella, which belong to Enterobacteriaceae, are opportunistic pathogens known to cause disease in humans (Brinas et al., 2002; Paterson, 2006). These were found in several sample locations, also far away from the wastewater outlets such as S1 and A9, meaning, that they can survive 90 m and 120 m from the wastewater outlets. P. aeruginosa, and A. hydrophila were also detected in oceanic samples and are known to cause disease in humans, such as necrotizing fasciitis (Tsai et al., 2012). It is not clear, how the bacteria natural to the GI tract, can survive the extreme changes from gut to wastewater to oceanic waters (Cohen et al., 2020). However, it has been speculated that the spatial and temporal heterogeneity in osmolarity within the human gut has led to an adaption, enabling the gut bacteria to cope with varying salinity levels, which might improve their chances of survival in the marine environment (Cohen et al., 2020).
Several of the cultivated environmental samples from our study contained few CFUs, it is however noteworthy, that from these few, MDR bacteria were found that are associated with disease in humans (Brinas et al., 2002; Paterson, 2006; Aiello et al., 2008; Kim et al., 2009; Rizzo et al., 2013; Akbari et al., 2016; Prokesch et al., 2016; DavinRegli et al., 2019; CDC, 2023).
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