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Antibiotic Resistance in Marine and Coastal Environments: A Systematic Review


ABSTRACT
	
 Antibiotic resistance (AR) dissemination in marine and coastal environments is recognized as a major and growing threat for ecological equilibrium and human health. These aquatic environments, once considered relatively pristine, are now recognized as major reservoirs of antibiotic resistance genes (ARGs) and antibiotic-resistant bacteria (ARB). This review integrates research from 2010 to 2025 in order to give a full picture of the current understanding of this fundamental issue. The current study examined the major contributors to antimicrobial resistance, including effluent from wastewater treatment plants, agricultural and aquaculture runoff, and widespread plastic pollution. Together, these sources create strong environmental pressures that promote the spread of resistance. The paper connects the basic principles of resistance dissemination with horizontal gene transfer (HGT) mediated by mobile genetic elements (MGEs) in microbial communities, particularly within biofilms. The study also delves into the important environmental pressures including climate change and pollution gradients that intensify the selection of ARGs and contribute to their spread. The public health implications are described in the context of the One Health approach, taking into account both exposure via consumption of contaminated seafood and recreational water activities. The article also describes the techniques used to monitor and detect resistant organisms in marine systems, starting from simple culture-based methods and extending to advanced molecular tools such as quantitative PCR and metagenomics. The overall evidence shows that marine and coastal environments have become significant reservoirs of antibiotic resistance, driven by human activities and intensified by climate and pollution pressures. The article highlights the intricate relationships between anthropogenic pressures, microbial evolution and antibiotic resistance in the marine environment and emphasizes the pressing  need for coordinated global mitigation measures 
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1. INTRODUCTION
The advent of antibiotics during the 20th century revolutionized medicine; however, their indiscriminate use in many settings has led to a global rise in antibiotic resistance among pathogenic bacteria, the latter of which represents one out of 10 threats to humanity according to the World Health Organization. Although much of the early attention was given to clinical settings, the environmental aspect of antibiotic resistance is now recognized as a major factor contributing to the crisis (Velazquez-Meza et al., 2022). It can also make a significant contribution to the pool of antibiotic resistance genes (ARGs) and their host, the antibiotic‐resistant bacteria (ARB), as well as transfer points for ARGs exchange in marine and coastal ecosystems (Hatosy & Martiny, 2015; Hagan, 2024). These environments, when polluted by anthropogenic contaminants such as antibiotic residues, resistant bacteria and their genes, provide selective forces that facilitate the evolution of resistance and its spreading on a worldwide scale (Amarasiri et al., 2020).
This review examines the growth of research on understanding the dimensions and scale of this problem. Previous studies have confirmed that ARGs were widely distributed in different marine components, ranging from coastal sediments to the deep ocean (Chen et al., 2013). Remarkably, even pristine, low-impacted marine ecosystems have been shown to contain very distant homologs of resistance genes indicating a complex evolutionary history (Fonseca et al., 2018). Further work has clarified the intricate ways in which resistance disseminates. Wastewater treatment plants (WWTPs) play an important role in sanitation. However, they have also been identified as major point sources that release large amounts of mucilage into waterways. Also, the growing intensity of aquaculture, which in many instances depends on antibiotic use for disease prophylaxis (Adenaya et al, 2023; Schar et al., 2021), is a major driver of local resistance burdens in coastal areas. The pervasive presence of microplastics in marine organisms has opened a new vector, thus offering surfaces to microbial colonization and forming floating mobile hotspots for horizontal transfer of genes (Liu et al., 2025).
The present article is an attempt to amalgamate the vast scientific knowledge gained in last one and half decades concerning the antibiotic resistance of marine and coastal environment. The review describes the distribution and diversity of antibiotic-resistance genes (ARGs). It also explains the major factors that drive their spread and support the survival of resistant bacteria in the environment. The public health implications of these genes are also highlighted. Research has grown from simple discoveries to more detailed studies. These studies help us understand antibiotic resistance in the oceans. They also show the main problems and the steps needed to control this “silent pandemic.”
.2. METHODOLOGY
In a manner befitting for an interdisciplinary journal, this review offers an integrated account of the available set of published scientific literature on antibiotic resistance in marine and coastal systems between January 2010 to October 2025. An electronic literature search was performed to obtain pertinent peer-reviewed articles, reviews and reports. The methodology was intended to be systematic and replicable, providing an objective and complete snapshot of where research in the field currently stands. The literature search was conducted in key electronic databases including PubMed, Scopus, Web of Science and Google Scholar. The search was intended to include all studies related to antibiotics resistance in the marine environment. The search strategy was performed using combination of appropriate keywords and MeSH (Medical Subject Headings) terms. Only original research (peer-reviewed), review articles, and reports of well-known scientific societies were taken into account. Conference abstracts, non-systematic reviews or editorials, and non–peer-reviewed studies were not considered. The literature review was restricted to articles in English. We limited the search to studies published between January 1, 2010, and October 31, 2025, for an emphasis on the most recent decade and a half of research. Articles had to be related specifically with the subject of antibiotic resistance in marine or coast environments. Studies restricted to freshwater, terrestrial or clinical environments in the absence of any specific connection with the marine habitat were not included, but comparative studies from freshwater systems contributed important background and reference (Zhang et al., 2018; Wang et al., 2020).
The information in the chosen studies were entered into data extraction form and sequentially categorized by theme. The geographical location of each study and nature of marine environment (e.g., sediment, water column, biota) in which antibiotic resistance was investigated were extracted along with the described types of sources for AR, resistance genes and bacteria identified, methodologies employed (e.g., qPCR, metagenomics), and main findings. The information abstracted was further summarized and organized in the following sections such as resistance sources, modes of transfer, environmental factors driving ARGs, health-associated factors, monitoring techniques. The synthesis sought to determine dominant trends, gaps in knowledge and areas open to scientific consensus.
3. PRINCIPAL SOURCES OF ANTIBIOTIC RESISTANCE IN MARINE ENVIRONMENTS
The presence of ARGs in marine and coastal ecosystems is not a natural phenomenon, but rather the result of human activities. There are  several major mechanisms for the introduction of antibiotic residues, ARB, and ARGs into marine ecosystems causing a web of contamination. An insight into these sources is essential to identifying appropriate mitigation measures (Table-1).
3.1. Wastewater Treatment Plants (WWTPs)
Wastewater treatment plants (WWTPs) have been consistently identified as the most important point sources for the release of ARGs and ARB to aquatic environments (Su et al., 2020; La Rosa et al., 2025). These installations treat sewage water from cities and industries (both of them loaded with antibiotics that people and animals consume) in addition to supporting a dense mixture of diverse bacteria, some of it pathogenic. Despite the fact that WWTPs are designed to degrade organic matter (OM) and remove pathogens, conditions within these facilities can facilitate the selection and transfer of ARGs, especially in activated sludge systems. The high bacterial density and the existence of these sub-inhibitory concentrations of antibiotics (and other selective agents such as heavy metals), further support HGT, resulting in the dissemination of resistance (Brown et al., 2024). Thereafter, treated effluent is also a hotspot of ARGs and MDR bacteria in addition to conveying directly  into rivers, estuaries and coastal waters (Garcia-Torné et al., 2025; Lee et al., 2023). Clearly, studies have shown a decreasing gradient of ARGs from the potential source points, namely WWTP outfalls characterized by high concentration, to the further distances in receiving marine environment (Su et al., 2020). Identification of new genes in wastewater treatment plants and associated coastal ecosystems has also shown the importance of WWTP as a reservoir of resistance factors (Uyaguari et al, 2011).
3.2. Aquaculture and Agriculture
Another significant source of antibiotic resistance in coastal areas is the aquaculture industry, which has grown quickly to satisfy worldwide demand for fish. Antibiotics are widely used in aquaculture for therapeutic and prophylactic purposes as a measure to control bacterial diseases under crowded conditions of fish and shrimp (Mohammed et al., 2013). A large amount of the antibiotics used in food animal production are only partially metabolized and escapes into surrounding water and sediments along with resistant bacteria extruded from farmed animals (Adenaya, et al 2023; Jang et al., 2018). This direct transfer of selective agents and resistant bacteria is known to modulate the local marine resistome. For example, research on salmon farming has clearly demonstrated a direct association between the use of antibiotics in farms and a rise in ARGs within local marine sediments and the bacterial communities present (Chávez et al., 2022; Schar et al., 2021). It has also been reported that aquaculture can favour the occurrence and dissemination of antibiotic-resistant bacteria as Enterococci in marine sediment (Di Cesare et al., 2013).
Regional investigations have reported the worrisome trends in antimicrobial resistance of different aquaculture ecosystems. Antibiotic resistance has also  been found to have spread in Asian aquaculture zones, such as in sea bass breeding areas (Lin et al., 2023) and mariculture ponds, where quinolone resistance genes are transmitted across species barriers and environments (He et al., 2025). The composition of bacterial communities and the abundance of sulfonamide resistance genes have also been affected by integrated multi-trophic aquaculture systems (Ying et al., 2018). Agricultural discharge is also a source of the antibiotic residues and resistant bacteria induced by livestock manure, discharging into rivers that are finally flown into coastal areas with enhanced levels of ARGs (Gao et al., 2012).
Table 1:  Summary of Major Sources of Marine Antibiotic Resistance
	Source
	Primary Contribution
	Key Impact/Mechanism
	Significance

	Wastewater Plants (WWTPs)
	High load of ARGs, ARB, and antibiotic residues.
	Creates ideal conditions for HGT; direct discharge.
	Considered the most significant point source of ARGs.

	Aquaculture
	Unmetabolized antibiotics and resistant bacteria.
	Alters local resistome in coastal zones.
	A major contributor in seafood production areas.

	Agricultural Runoff
	Antibiotic residues and resistant bacteria from manure.
	Contaminates rivers that flow into coastal waters.
	A major non-point source of environmental contamination.

	Microplastics
	Provide surfaces for microbial colonization.
	Act as vectors for ARB transport; hotspots for HGT.
	A novel and globally pervasive vector for ARG spread.



3.3. Microplastics as Vectors
Widespread plastic pollution in the world's oceans has emerged as a new and powerful mechanism for the transport and spread of antibiotic resistance. Microplastics (MPs), fragments of plastic <5 mm, present a durable surface for microbial attachment and facilitate the assembly of biofilm communities called "plastisphere" (Liu et al., 2025). These biofilms accumulate bacteria from the water column, forming a high-density micro-environment that promotes horizontal gene transfer (Figure-1). It has been proved that ARGs and potential pathogens are more enriched in the plastisphere than the surrounding seawater (Guo et al., 2020; Siddique et al., 2025). Due to their persistence and high buoyancy, microplastics have the potential to travel long distances and act as rafts carrying ARB and ARGs across a range of marine environments spanning from coastal waters out to open oceanic gyres, thereby contributing to global dissemination of antibiotic resistance (Ahmad et al., 2024). Presence of MPs has been experimentally demonstrated to enhance ARB abundance in fresh water ecosystems (Cholewińska et al., 2025) and evidence also found that microplastics increase the prevalence of ARGs in mariculture sediments by enriching host bacteria and facilitating horizontal gene transfer (Liu et al., 2025). 
3.4. Geographic and Habitat-Specific Patterns
Antibiotic resistance in the marine environment varies across regions and habitat types. In this context, the Mediterranean has gained attention as a hotspot of high prevalence for multiresistant bacteria, as evidenced with different studies (Gambino et al., 2022). Evidence from the coastal waters in different areas such as Kuwait’s coastal waters, where ARGs and fecal sterols (indicators of sewage pollution) coexist (Uddin et al., 2024), and sediments in the Bohai Sea, in which ARGs reflect certain unique eco-environmental responses (Wen et al., 2024), lends support to this phenomenon. Ecosystems as such mangrove systems have been identified as hotspots of ARG abundance (Lertcanawanichakul et al., 2025), whereas antibiotic resistome measurements indicated the presence of resistance hotspots from coastal beaches to sewage waters, with well-identified transects from urban microbiomes toward marine protected areas in urban metagenomic surveys (Fresia et al., 2019; Alonso-Vásquez et al., 2025).
4. MECHANISMS OF ANTIBIOTIC RESISTANCE GENE DISSEMINATION
The acquisition of antibiotic resistance in marine ecosystems is not only linked to the influx of resistant bacteria and could be strongly affected by its ability to exchange genetic information among diverse microbial communities. ARGs circulate in different hosts (species) through HGT, which is the major pool of ARGs that co-transfer resistance beyond pathogen species and evolutionary liaisons. This impact is especially pronounced in the diverse microbial communities of the sea (Table-2).
4.1. Horizontal Gene Transfer (HGT)
HGT is a process that allows bacteria to gain new genetic material, such as ARGs from other microorganisms present in their surroundings. This provides a more rapid mode to adaptation, compared to the slow procedure of mutation and vertical inheritance (Li & Zhang, 2022). Three major types of HGT mechanisms:
• Conjugation: This system transfers genetic content, most often plasmids or integrative and conjugative elements (ICEs), from a donor cell to a recipient cell via direct contact between bacteria. Conjugation is assumed to be a major pathway of ARGs spread in aquatic habitats, being highly efficient and capable of mobilization of large DNA segments usually encoding several resistance genes (Michaelis &  Grohmann, 2023).
• Transformation: This process is defined as the ability of naturally competent bacteria to take up naked extracellular DNA (eDNA) from their surroundings. In the marine environment, eDNA is shed from dead and lysed cells and is capable of persisting in both the water column and sediments. Bacteria capable of uptake this eDNA can integrate it to their genome, meaning that they may also take up new ARGs in the process (Abe et al., 2020; Zhang et al., 2023).
• Transduction: This is facilitated by bacteriophages which are a kind of viruses that infects bacteria. Host bacterium’s DNA fragments, including ARGs, can be inadvertently packaged into new phage particles during phage replication cycle. These phages may subsequently infect other bacteria and transmit the incorporated DNA, likely including the resistance gene (Michaelis & Grohmann, 2023).
 Table-2 Summary of key antibiotic resistance genes (ARGs) commonly detected in marine and coastal environments, their bacterial hosts, and associated mobile genetic elements (MGEs)."
	Antibiotic Class
	Resistance Gene (ARG)
	Common Bacterial Hosts/Genera in Marine Environments
	Common Mobile Genetic Elements (MGEs)
	Key References

	Beta-lactams
	blaTEM, blaSHV, blaCTX-M
	Escherichia coli, Klebsiella pneumoniae, Vibrio spp., Aeromonas spp.
	Plasmids (e.g., IncF, IncA/C), Transposons (e.g., Tn3)
	(Uyaguari et al., 2011)

	
	blaNDM-1
	Acinetobacter spp., Pseudomonas spp., Enterobacteriaceae
	Plasmids (e.g., IncX3)
	(Chen et al., 2013)

	Tetracyclines
	tet(A), tet(B), tet(M), tet(W)
	Vibrio spp., Photobacterium spp., E. coli, Aeromonas spp.
	Plasmids (e.g., IncQ, IncP), Transposons (e.g., Tn10), ICEs
	(Amarasiri et al., 2020)

	Sulfonamides
	sul1, sul2
	E. coli, Acinetobacter spp., Vibrio spp., Shewanella spp.
	Class 1 Integrons, Plasmids
	(Uyaguari-Díaz et al., 2018)

	
	sul4
	Marine bacteria
	Genomic islands
	(Shindoh et al., 2023)

	Quinolones
	qnrA, qnrB, qnrS
	Vibrio spp., Shewanella spp., E. coli, Enterobacteriaceae
	Plasmids (often linked to other ARGs)
	(Yan et al., 2017)

	Aminoglycosides
	aph(3')-Ia, aadA
	E. coli, Pseudomonas spp., Acinetobacter spp.
	Transposons, Class 1 and 2 Integrons
	Adesoji et al., 2019

	Macrolides
	ermB, ermF, mphA
	Erythromycin-resistant bacteria, Vibrio spp., Arcobacter spp.
	Plasmids, Transposons (e.g., Tn917)
	(Neela et al., 2007)





4.2. Contribution of Biofilms and Mobile Genetic Elements
Biofilms, which are aggregates of microorganisms encased in a natural matrix consisting of extracellular polymeric substances (EPS), are increasingly considered as major hotspots for HGT in the aquatic environment (Abe et al., 2020). High cell concentration and close proximity to cells along with the protective role of EPS matrix form an appropriate microenvironment for genetic exchange(Figure-1). It has repeatedly been demonstrated that the HGT rate is much higher in biofilm than planktonic (free-living) cells (Michaelis & Grohmann, 2023). eDNA may also be concentrated in the EPS matrix for enhanced transformability.
Transmission of ARGs through HGT is facilitated by MGEs, which are DNA segments capable of migrating in genomic or inter-species ranges. Important MGEs contributing to the dissemination of AR are:
· Plasmids: Self-replicating extrachromosomal DNA molecules which often bear ARGs. Conjugative plasmids are able to facilitate their own transfer from one bacterium to another and therefore serve very effectively as vectors for the spread of resistances (Yan et al., 2017).
· Integrons: Antibiotic-Gene-Capturing Systems.” In addition: Integrons are genetic constructs that can capture and express gene cassettes, including ones conferring fantibiotic resistance. In particular, Class 1 integrons have been strongly correlated with anthropogenic pollution and are widespread in clinical and environmental sectors, frequently associated with multi-drug resistance (Ali et al., 2024; Uyaguari-Díaz et al., 2018). There are however sulfonamide resistance genes (e.g., sul4) observed in some marine bacteria without any mobile genetic elements, implying different evolutionary routes (Shindoh et al., 2023).
· Transposons: Sometimes called “jumping genes,” these are DNA sequences that can get around from one spot on the genome to another, or just onto a plasmid. They can harbour ARGs and participate in their mobilization and spread.
The physical proximity of resistance genes to regions associated with multiple MDR phenotypes implies that exchange can provide access to a wide variety of gene cassettes, including those which confer MDR (Neela et al., 2007).
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Figure-1 Horizontal gene transfer mechanisms in a marine biofilm on a microplastic particle
4. ENVIRONMENTAL DRIVERS AND MODULATORS OF ANTIBIOTIC RESISTANCE
The distribution and dissemination of antibiotic resistance in the marine environment are not homogeneous, and they depend on physical and chemical environmental features that could modulate selective pressures and microbial community dynamic. To forecast future trends and hotspot localities, knowledge of these drivers is important (Figure-2).
4.1. Pollution Gradients and Hotspots
The pollution gradient is often quite steep in coastal areas with the maximum concentration of pollutants close to urban centers, industrial discharges and river mouths. These are hotspots of antibiotic resistance with higher abundances and diversity of the ARGs compared to more pristine offshore environments (Xu et al., 2023; Fresia et al., 2019). In addition to antibiotics, a variety of pollutants may co-select for antibiotic resistance. Heavy metals, biocides and other chemical contaminants are also released with antibiotics into the environment, potentially selecting bacteria that are carrying such resistance genes by exerting an additional selective pressure for MGEs (e.g., plasmids) to carry both genes for metal and antibiotic resistance. This co-selection effect is likely to lead other pollutants, even in the absence of antibiotic pressure, to support and further enhance the prevalence of ARGs in the environment. Even the pristine environments, for example the Tibetan plateau have been reported storage of ARGs in their aquatic environment revealing the global implications of this problem (Chen et al., 2016).
4.2. Climate Change
Climate change is being identified as one of the major driver (Salgueiro et al., 2024; Zhao et al., 2024) to impact marine antibiotic resistance and is likely to worsen with the rising trends associated with climate change. Increasing seawater temperatures could directly affect bacterial growth rates and the efficiency of HGT, and they may enhance the dissemination velocity of ARGs (Zhao et al., 2024). A global scoping review has also identified the complex intersection between climate change and antibiotic resistance, and stressed the importance of holistic research (Salgueiro et al., 2024). In addition, climate change can wreak havoc on weather and cause severe damage to quality of life through violent weather events which are becoming more common and powerful. Heavy rain and flood events could result in large volumes of runoff from land, sweeping a considerable amount of antibiotics, ARB and ARGs discharged from agricultural and urban environments into coastal waters. WWTP discharges with untreated or insufficiently treated wastewater are also released by storm surge. Such events may give rise to rapid and sudden increases of resistance determinant load in marine habitats (Bagra et al., 2024).
4.3. Seasonal Dynamics
There can also be substantial seasonal changes in both abundance and distribution of ARGs in marine habitats. These oscillations can be associated with variations in environmental factors such as temperature, salinity and nutrient availability also to changes of anthropogenic influences. For instance, the ARG concentrations in warmer months are reported to possibly have been higher, leading to more bacterial growth and activities, as well as a higher recreational use of coastal waters. Temporal precipitation is also a significant factor, and higher ARG abundance could be detected after intensive rainfall with more runoff (Liu et al., 2023).
5. PUBLIC HEALTH IMPLICATIONS AND THE ONE HEALTH PERSPECTIVE
 	The spread of antibiotic resistance in marine habitats is not only an ecological problem but it also represents a direct and indirect threat to human health, highlighting the interplay between environmental, animal, and human health as illustrated by the One Health approach (Velazquez-Meza et al., 2022; Altevogt et al., 2025).
5.1. Seafood Consumption
Consumption of contaminated seafood is frequently considered a main route to transfer marine-borne antibiotic resistance into human. Residents who consume fish and shellfish from contaminated coastal waters may bring ARB into their own gastrointestinal tract through this route of exposure (Amarasiri et al., 2020; Goh et al., 2024). The human gut microbiome can then act as a reservoir for the exchange of genetic elements. Aquatic ARGs may also contribute to the transfer of these genes from marine bacteria to mammalian commensals or even to pathogens. Multiple studies have identified bacteria that are resistant to multiple drugs, such as those found in humans, including V. parahaemolyticus and E. coli, but present in human-consumed seafood (Yamazaki et al., 2014; Elmahdi et al., 2016).
Evidence of antibiotic resistance in Vibrio species has been reported (Loo et al., 2020), and several studies have identified resistant and human-pathogenic Vibrio strains in aquaculture products and other seafood intended for consumption (Bloomfield et al., 2025).Antibiotic resistance in Vibrio has been reported in various environmental sources in South Africa (Adesiyan et al., 2022), Chinese beach waters (Huang et al., 2022) and California coastal system (Sebastian et al., 2025). For example, antibiotic- resistant Vibrio have been linked to diseased marine organisms  (Sea Urchins) (Ben Natan et al., 2024). This direct link is shown by the presence of ARGs in cultured aquatic organisms in aquaculture farms. These genes found in the animals  are also present in the sediments of the same farms. (Amarasiri et al., 2020). Quinolone resistance, in particular, has been reported a large concern in aquatic environmental with evidences that these habitats might harbour hotspots of transferable low-level resistance that can spread to and favour the emergence of high-level resistance (Miranda et al., 2022).
Apart from harmful bacteria, the marine environment also provides many useful and beneficial discoveries.. The sea provides a wide range of bioactive compounds that are being produced from marine animal as well as microbial organisms such as -lactams and other antibiotics for the discovery of latest antimicrobial drugs (Fisher et al., 2023). But this is exactly why the preservation of marine biodiversity should be a focus alongside the response to resistance.
5.2. Recreational Water Exposure
It is commonly known that the coastal waters are used for swimming, surfing or boat riding activities. The direct exposure to the seawater contaminated with ARB and ARGs is also an important way of human exposure (Han et al., 2022). Resistant pathogens can colonize or infect through ingestion of, or contact with, contaminated water. This risk is especially high in sites affected by wastewater effluent or urban runoff, as the abundance of FEC and ARGs tends to be the greatest. This exposure route underscores the need to test recreational water for more than traditional fecal indicators, including ABR genes in order to more accurately assess human health risks (Yuan et al., 2025).
5.3. The One Health Framework
Antibiotic resistance in the marine environment is a classic One health issue. It is not something that can be tackled purely in human medicine; it requires an integrated and transdisciplinary approach among the human, animal and environmental health areas (Lozano-Muñoz et al., 2021; Altevogt et al. 2025). ARGs detected in a hospital’s clinical setting, for example, are often part of the local wastewater; flowing through the coastal environment and into seafood that finds itself on a dinner plate. Transmission happens in a cycle. So, all four parts of this cycle need attention. Reducing antibiotic use in human medicine and agriculture is a major step. Wastewater treatment must also be improved to remove ARGs more effectively. In addition, sustainable aquaculture practices are important. Together, these actions form a strong One Health approach to control the spread of antibiotic resistance in marine systems.
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Figure-2 Antibiotic resistance pathways in marine and coastal environment
6. MONITORING AND DETECTION METHODS
The advent of modern molecular methods has revolutionized our ability to detect and monitor the dissemination of antibiotic resistance in marine systems. Over the last 10 years this has changed significantly from culture-based based methods to more sensitive and versatile molecular technologies that permit the direct detection and quantification of ARGs as well as microbial communities as shown in (Table-3).
6.1. Culture-Based vs. Molecular Methods
Current tests to determine antibiotic resistance involve isolating bacteria from environmental samples, growing them in the lab and testing their susceptibility to different antibiotics. These methods have helped us discover many resistant bacteria. But they also have clear limitations. Most environmental bacteria, often said to be more than 99%, cannot be grown in the laboratory. Because of this, culture-based methods show only a small and biased part of the real bacterial world. They also miss many ARGs. This problem is known as the “great plate count anomaly.”
6.2. Quantitative PCR (qPCR)
Quantitative PCR (qPCR) has quickly become a "workhorse" approach for detecting and quantifying target ARGs in environmental samples. For that purpose, the primers utilized in this methodology have been designed to target specific known resistance genes enabling the rapid and sensitive quantification of their abundance within a DNA sample obtained from water, sediment or biota (Ferreira et al., 2023). High-neutralizing qPCR arrays have been established to screen hundreds of ARGs in parallel, enabling to obtain an abundant resistome profile in a specific niche (Srathongneam et al., 2024). qPCR is very sensitive and specific; however, it can detect only the genes that are being targeted not to identify unknown or new resistance genes.
6.3. Metagenomics
Metagenomics, the sequences based approach to environmental samples of all DNA without culture, has given us a first glance at the genetic diversity present within microbial communities and access to an all-inclusive list of ARGs (the "resistome"). Total DNA sequencing that it allows for may result in the identification of new ARGs and a thorough view on the diversity and abundance of resistance genes (Taylor et al., 2025). This strategy has played a critical role in uncovering the enormous variety of ARGs present in marine shoreline, from human-impacted estuaries to undisturbed deep-ocean sediments (Chen et al., 2013; Xu et al., 2023). In addition, co-assembling genomes from metagenomic sequences can establish specific associations of ARGs with the bacterial hosts that carry them and thus provide key insights into gene mobility and intrinsic risk associated with particular resistance genes.
Although qPCR is more sensitive for individual gene targets, metagenomics offers a broader, more comprehensive view of the resistome. Both methods are frequently applied in a combined way, where metagenomics is employed as a first screening stage followed by qPCR monitoring of the most relevant ARGs detected through the former analysis (Taylor et al., 2025; Ferreira et al., 2023).
Table 3  Comparison of AR Detection Methods
	Method
	Primary Focus
	Key Advantage(s)
	Key Limitation(s)

	Culture-Based
	Isolating and testing live resistant bacteria.
	Confirms viability; provides phenotypic data.
	Captures <1% of microbial diversity; slow.

	qPCR
	Quantifying known resistance genes (ARGs).
	Highly sensitive & specific; high-throughput.
	Only detects known genes; no info on the host organism.

	Metagenomics
	Profiling all genes in a sample (resistome).
	Enables discovery of new genes; provides context.
	Less sensitive for rare genes; complex data analysis.



7. CONCLUSION AND FUTURE PERSPECTIVES
The case based on evidence collected from 2010-2025 is strong and alarming: marine and coastal habitats are global repositories of antibiotic resistance with profound ecological and also human health consequences. Steady discharge of ARGs and ARB originating from man-made sources (e.g., wastewater, aquaculture) combined with the highly efficient horizontal gene transfer among microbial community members has led to a vicious cycle of resistance perpetuation. New vector threats such as microplastics and the wider implications of climate impacts are exacerbating this intricate environmental problem.
Implementing the One Health concept is crucial to devising successful approaches in controlling antibiotic resistance transmission. This calls for a combined and multi-sectoral action plan with reduction of antibiotic use in human and veterinary medicine as well as implementing advanced treatment technology which may lead to aquaculture- and agriculture based solutions that are sustainable. Attention and policy intervention are crucial drivers of these changes.
Future research should focus on several key areas. Further, there is a lack of quantitative risk assessments to describe the likelihood of transference of ARGs from marine sources into human pathogens. Ultimately, long term monitoring programs combining metagenomic and qPCR methods are required to follow the adaptation of marine resistome at a global level. More interestingly, the studies on new countermeasures, e.g., targeting resistant bacteria using bacteriophage or applying techniques for degradation of ARGs in wastewater are very promising. A clearer understanding of the ecological conditions that shape ARG dissemination is essential. This includes studying natural bacterial communities that experience minimal direct human impact. Such information is needed to establish an accurate baseline for comparison. This baseline will help quantify how anthropogenic activities alter the global resistome.
Tackling antibiotic resistance in our oceans is not just a matter of protecting marine life, but one that could help protect the health of future generations. The silent pandemic of antibiotic resistance has begun; and the sea is a prominent battlefront. It needs to be addressed urgently and persistently if we want to have even the smallest hope of reversing the (increasing faster) tide.
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