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The Arabian Gulf (hereafter ‘the Gulf’) is renowned for its unique ecological characteristics and distinct marine life. It offers a diverse range of ecosystems that have adapted to the impacts posed by natural stress and human activities. Regular biomonitoring and diversity assessments are necessary to document the health of the Gulf ecosystem and to implement appropriate measures for effective conservation and management. Recently, environmental DNA (eDNA), a total pool of DNA isolated from environmental samples, has emerged as a highly effective tool for ecological studies. This review explores the opportunities, prospects, and challenges associated with employing eDNA metabarcoding in the ecological assessment and biomonitoring of the Gulf. It provides an overview of the status of the Gulf ecosystem and discusses the potential applications of eDNA metabarcoding in assessing biodiversity, monitoring invasive species, and evaluating ecosystem health. Additionally, the investigation addresses the challenges inherent in implementing this technique, considering environmental complexities, methodological intricacies, and data interpretation. Overall, this review emphasizes the immense potential of eDNA metabarcoding in advancing ecological assessment in the Gulf and calls for further research and collaboration to harness its benefits in this unique marine ecosystem.
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1 Introduction

The Arabian Gulf (hereafter ‘the Gulf’) is a shallow sedimentary basin located between 24° and 30° N in latitude and 48° and 57° E in longitude and is bordered by eight rapidly developing nations. The Gulf constitutes a part of the Arabian Sea ecoregion and represents a realm of the tropical Indo-Pacific Ocean (Spalding et al., 2007). The Gulf spans a length of 1000 km and varies in width from 200 to 300 km with a total area of approximately 240,000 km2. It reaches a maximum depth of 100 m at the Strait of Hormuz, with an average depth of 35 m (Taher et al., 2012). Owing to extreme environmental conditions, the Gulf hosts a unique ecosystem characterized by mangroves, coral reefs, seagrass, and algal beds with low species biodiversity (Naser, 2014; Samimi-Namin and Hoeksema, 2023). The Gulf ecosystem is under pressure from both anthropogenic and natural disturbances that disrupt normal functioning, underscoring the importance of marine researchers to quantify and monitor the biodiversity trends to ensure the health of this ecosystem (Sharifinia et al., 2019; Lin et al., 2021a). Traditionally, marine biodiversity has been monitored by various methods, including observation-based data collection, capturing marine organisms via nets, hooks, and traps, sediment collection using grab samplers, and the analysis of acoustic, chemical, and electrical properties using diverse instruments (Costello et al., 2017). Nonetheless, these methods have limitations, including invasiveness, destructiveness, time consumption, labor intensiveness, and dependence on a dwindling number of taxonomic experts to identify specimens (Thomsen and Willerslev, 2015). These constraints emphasize the importance of developing novel techniques for effectively monitoring global biodiversity.

In recent years, the use of environmental DNA for biodiversity assessment has become increasingly popular. Environmental DNA or eDNA refers to the DNA from skin, hair, urine, feces, gametes, mucus, or carcasses of organisms that are released to the environment, such as water or sediment (Taberlet et al., 2012; Thomsen and Willerslev, 2015). The use of eDNA can potentially revolutionize the field of conservation science and practices. It has been proven to be an efficient approach for assessing the biodiversity of marine ecosystems on vast temporal and spatial scales (Beng and Corlett, 2020). The advantages of eDNA include its sensitivity, non-invasiveness, capability to monitor rare or elusive species, and early detection of invasive species (Smart et al., 2015; Gargan et al., 2017; Davison et al., 2019). The advent of high-throughput sequencing has opened new opportunities for employing the eDNA approach to study species communities. In this context, eDNA metabarcoding has gained prominence, allowing the identification of multiple taxa using DNA extracted from environmental samples through amplicon sequencing (Pawlowski et al., 2022). The eDNA metabarcoding enables the simultaneous detection of micro/macro-organisms, ranging from small metazoans to large vertebrates employing multiple markers for monitoring marine biodiversity (Cordier et al., 2019; Topstad et al., 2021). Therefore, this technique surmounts the obstacles of conventional, labor-intensive methods and offers the prospect of characterizing the Gulf biodiversity effectively in terms of time and space. The eDNA metabarcoding projects are being carried out across the globe to assess marine biodiversity (Djurhuus et al., 2020), analyze anthropogenic impacts (DiBattista et al., 2020), and monitor marine protected areas (Gold et al., 2021). Figure 1 illustrates the worldwide distribution of eDNA studies conducted in marine environments and published between 2015 and 2023, sourced from the Scopus database. Based on the literature review, it was observed that the focus of eDNA studies was predominantly on the North Atlantic Ocean and the western Pacific Ocean, with less representation in the Indian, South Pacific, and South Atlantic Ocean regions. The meta-data available from these investigations could be recovered and reused for systematic comparison with traditional biomonitoring methods and statistical analyses to address new questions or identify an overall trend regarding biodiversity and conservation of marine ecosystems (Shea et al., 2023).




Figure 1 | Map showing the global distribution of eDNA studies in marine environments retrieved from the Scopus database (355 research articles taken from the database). The size of the circle indicates the citation received, and the color denotes the year of study.



The methodology for eDNA metabarcoding should be customized according to the specific goals of the investigation and the unique characteristics of the samples being studied. Numerous review articles have been published that delve into the various steps in eDNA metabarcoding, covering aspects such as sampling, DNA extraction, primer selection, sequencing platforms, and bioinformatics analysis (Aylagas et al., 2016b; van der Loos and Nijland, 2021; Pawlowski et al., 2022; Takahashi et al., 2023; Zhang et al., 2023). Moreover, the methods and pipelines for bioinformatics analysis are constantly being refined and updated to enhance biodiversity assessments. Developing various metabarcoding data analysis pipelines underscore the requirement for user-friendly software and customized workflows tailored for specific sequencing datasets (Hakimzadeh et al., 2023). While the growing use of eDNA metabarcoding facilitates cross-study comparisons, it is crucial to ensure consistency and uniformity in the methods employed to establish it as a standard for monitoring biodiversity (van der Loos and Nijland, 2021).




2 Status of the Arabian Gulf ecosystem and the need for biomonitoring

The Gulf ecosystem can be categorized into coastal and subtidal ecosystems (Al-Abdulkader et al., 2019). Coastal ecosystems comprise diverse habitats such as wetlands, sandy beaches, and rocky shores. Wetlands consist of salt flats, salt marshes, and mangroves. Salt flats, also known as sabkhas in Arabic (area of low-lying salty ground), have extensive microbial mats, making them an ecologically important and productive habitat in the Gulf (Burt, 2014). Mangroves in the Gulf are dominated by a single species of Avicennia marina adapted to highly variable seasonal temperature and salt concentrations. These ecosystems play a crucial ecological role by providing food and shelter to diverse terrestrial and marine organisms. Dunes with halophyte vegetation characterize sandy beaches. Subtidal ecosystems comprise seagrass and coral reef habitats. Seagrass beds (containing species Halodule uninervis, Halophila stipulacea and H. ovalis) are distributed along most of the coastlines, serving as food sources and habitats for turtles, dugongs, pearl oysters, and shrimps in the Gulf. Coral reefs serve as reservoirs of biodiversity in the Gulf, and approximately 40 species of hard corals and 31 species of soft corals have been identified. Coral growth is best observed on offshore shoals, and fringing reefs are present along the mainland shoreline (Naser, 2014). These are extensively studied for thermal adaptations due to their tolerance to harsh environmental conditions (Riegl et al., 2011; Bejarano et al., 2022). The Gulf (Figure 2) represents a highly vulnerable ecosystem challenged by a myriad of local and global factors that threaten to destroy biodiversity, potentially leading to ecological destruction. Due to the severity and complexity of these challenges, the Gulf has attracted considerable attention from marine researchers and ecologists worldwide. It has become a “hotspot” for research, indicating that scientists from various parts of the world are actively studying the Gulf to understand its threats, develop strategies for biomonitoring and conservation, and contribute to global knowledge about preserving marine biodiversity. The focus on the Gulf reflects its importance in understanding and addressing broader issues related to marine conservation and the impact of environmental changes on ecosystems. 




Figure 2 | Map of the Arabian Gulf showing the distribution of sensitive habitats with special reference to the Saudi waters of the Arabian Gulf. The data utilized in this map was sourced from Global Mangrove Watch (Bunting et al., 2018); Global distribution of coral reefs, compiled from multiple sources including the Millennium Coral Reef Mapping Project. version 4.1, updated by UNEP-WCMC (2021); Global distribution of seagrasses, version 7.1 (2021); Data collection of specific habitats in Saudi Arabia from ARCEMS, KFUPM.





2.1 Natural environmental variables and seasonality

The Gulf receives water from the Indian Ocean through the Strait of Hormuz, which then flows northwest along the Iranian coast to Kuwait and further south along the coast of Saudi Arabia (Vaughan et al., 2019). As the water circulates anticlockwise around the Gulf, it experiences increased salinity due to evaporation. The Gulf is characterized by extreme environmental conditions, including high salinity, extreme temperature, limited water exchange, and high evaporation rates (Sheppard et al., 2010; Manokaran et al., 2021). The climate in the Gulf region is characterized as transitional between tropical and subtropical. Despite being geographically located in the subtropics, the arid surroundings contribute to a tropical climate during the summer. Winter spans from December to March, while summer extends from June to September, with two transitional periods in between (Al Senafi and Anis, 2015). As a result, the atmospheric temperature fluctuates significantly throughout the seasons. The climate is characterized by low precipitation, high summer temperatures, and rapid evaporation rates reaching 1-2 m per year, which contributes to elevated average salinity of 39 practical salinity units (psu) across the Gulf. In certain prominent coastal indentations, such as the Gulf of Salwah and the southern region of Bahrain, salinities exceed 60 psu (Sheppard et al., 2010; Joydas et al., 2015). Additionally, sea surface temperature in the Gulf exhibits significant variations between the seasons, ranging from 15 to 36°C, with seasonal fluctuations as large as 20°C (Al-Abdulkader et al., 2019; Ben-Hasan and Christensen, 2019). Consequently, the harsh climate of the region substantially impacts marine communities, putting them at a heightened risk of surpassing their environmental tolerance limits and facing adverse consequences (Price, 1993). Analysis of pH levels in the surface waters of the Gulf between 2007 and 2010 demonstrated a progressive increase in acidity over time (Uddin et al., 2012). Hence, the rise in acidity and sea surface temperature related to climate change is crucial for many organisms, such as corals, mollusks, and calcareous phytoplankton in the Gulf (Naser, 2014; Paparella et al., 2019). It is important to highlight that the Red Sea, a biodiversity hotspot geographically close to the Gulf experiences extreme environmental conditions of high temperature and salinity as well as global warming and ocean acidification. These affect the diversity of several indigenous species inhabiting the Red Sea (Sonnewald and El-Sherbiny, 2017; Kleinhaus et al., 2020). Similarly, studies conducted in the Mediterranean Sea showed a consistent warming trend in daily sea surface temperature data series from 1982–2016 satellite data (Pastor et al., 2018). The temperature variations in seawater during summer and winter seasons have an impact on the growth, survival, fertility, migration, and phenology in several communities, such as plankton, vegetation, invertebrates, and vertebrates from pelagic to benthic regions (Marbà et al., 2015). The recent warming acceleration is also pronounced in the Mediterranean Basin, attributing to the combined effect of declining aerosols and a negative trend in near-surface soil moisture (Urdiales-Flores et al., 2023).




2.2 Anthropogenic stressors in the Gulf

Rapid industrialization in the Gulf has introduced numerous anthropogenic stressors significantly impacting the natural environment (Figure 3). A massive boom in coastal development has led to the exploitation of shallow marine intertidal habitats (Burt, 2014). Approximately 40% of the Gulf’s coastline is estimated to have undergone development, illustrating the extensive changes caused by human activities (Hamza and Munawar, 2009). The Gulf ecosystem is a source of income for millions of people through fisheries and aquaculture, tourism, and industrial activities. However, these activities also pose potential risks to marine populations, resulting in biodiversity loss. The deposition of dredged material during the reclamation also depletes dissolved oxygen levels, leading to deoxygenation of underlying sediments (Naser, 2014). Moreover, reclaimed land obstructs water circulation, reducing flushing rates and altering salinity (Al-Jamali et al., 2005).




Figure 3 | A conceptual diagram illustrating the cross-section of the Arabian Gulf’s ecosystems and its human pressures showcasing the importance of eDNA-based biodiversity assessments.



The desalination industry has become an increasingly alarming issue in the Gulf. As stated by Ibrahim and Eltahir (2019), countries in the region, such as Saudi Arabia, the Emirates, Kuwait, Qatar, and Bahrain, are responsible for processing approximately half of the world’s desalinated seawater. Consequently, the discharge of effluents from seawater desalination into the coastal and subtidal areas of the Gulf poses a significant menace to marine habitats (Areiqat and Mohamed, 2005). Desalination effluents often contain hazardous chemicals, such as heavy metals and anti-scaling, anti-fouling, anti-foaming, and anti-corrosion additives (Lattemann and Höpner, 2008). These effluents also contain high concentrations of suspended solids and nutrients, such as ammonia, nitrates, and phosphates (Naser, 2011). The coastal environments receiving these effluents undergo chemical and physical transformations which harm various marine organisms and assemblages. Another important focus is on the largest oil spill in the history of the Gulf, known as the 1991 Oil Spill, which originated from the Gulf conflict. The repercussions of the oil spill extended over a vast area, covering more than 770 km of shoreline between Ras-Al-Khafji in the north and Abu Ali in the south on the Saudi Arabian coast. This catastrophic event resulted in the devastation of local flora and fauna in the affected regions and caused irreversible damage in critical habitats in specific regions of the Saudi Arabian coast. Additionally, the presence of pollutants such as petroleum hydrocarbons (PHs), polycyclic aromatic hydrocarbons (PAHs), and organochlorinated contaminants in the sediments of oil-polluted areas have modified the marine community structure within the Gulf countries (Hassanshahian et al., 2020; Khatir et al., 2020). Numerous studies have been conducted to assess the ecological recovery of the spill affected coastal environments (Price, 1998; Joydas et al., 2017). Hence, these physical and chemical changes have negatively impacted the biodiversity, richness, abundance, and biomass of marine organisms residing in the Gulf.





3 Application and prospects of eDNA metabarcoding in the Arabian Gulf

The Gulf, characterized by its unique biodiversity, is a subject of significant scientific interest, primarily due to its potential vulnerability to natural and anthropogenic stressors in the future (Riegl and Purkis, 2012; Burt et al., 2020; Lin et al., 2021a). With a keen awareness of this distinctive circumstance, researchers across the Gulf countries actively conduct regular and frequent ecological surveys on diverse marine habitats and targeted taxa (Riegl and Purkis, 2012; Burt, 2014; Joydas et al., 2017; Hosseini et al., 2021; Torquato et al., 2021; Lin et al., 2021a, Lin et al., 2021b). However, these surveys primarily rely on conventional sampling techniques, such as visual census by SCUBA divers (Riegl and Purkis, 2012; Lin et al., 2021a), bottom trawl surveys (Lin et al., 2021b), remotely operated vehicles (ROV) (Torquato et al., 2021), and grab-samplers (Joydas et al., 2015). In the present scenario, eDNA metabarcoding stands out as a promising tool with the potential to monitor the biodiversity in the Gulf, offering valuable support for the development of conservation and management measures. Only a limited number of eDNA metabarcoding studies have been conducted in the Gulf, focusing on specific groups of organisms (Table 1). In a comparative study assessing the effectiveness of eDNA metabarcoding and classical bottom trawling in detecting similar spatial patterns of taxonomic, functional, and phylogenetic diversity among marine fish communities in the Bay of Biscay, eDNA demonstrated a superior ability to detect higher levels of taxonomic and phylogenetic diversity compared to trawling with a less sampling effort (Veron et al., 2023).


Table 1 | eDNA metabarcoding studies reported from the Arabian Gulf.





3.1 Application in ecology

The Gulf provides a distinct habitat for various organisms adapted to extreme environmental conditions. Each habitat supports unique assemblages of organisms, from benthic organisms in intertidal sediments and mangrove ecosystems to phyto- and zooplankton in the pelagic region (Qurban et al., 2012; Naser, 2014; O’Donnell et al., 2017). DiBattista et al. (2017), employed eDNA analysis using fish-specific 16S rRNA mitochondrial DNA primers to document the diversity of coral reef fishes in the central Red Sea. The study successfully identified a diversity of conspicuous, cryptobenthic, and commercially relevant reef fish genera. Nevertheless, certain significant species known to inhabit the Red Sea could not be detected due to limitations in spatial sampling, amplification stochasticity, and sequencing depth. In another study, the diversity of the marine vertebrates of the Gulf at a regional scale was studied through eDNA metabarcoding targeting the mitochondrial 12S rRNA gene (Sigsgaard et al., 2020). The findings of this study demonstrated that marine vertebrate communities inhabiting various habitat types, such as seagrass beds, coral reefs, mangroves, inshore and offshore sand bottoms, could be differentiated and effectively characterized over a large spatial scale using eDNA from seawater samples. The identified taxa comprised both commonly found species and some rarely documented in the Gulf. The presence of ray-finned and cartilaginous fish, turtles, cetaceans, birds and low-density organisms such as dugongs and sea snakes were reported. In a related study to investigate the temporal changes in the metazoan communities inhabiting native and exotic seagrass meadows in the eastern Mediterranean Sea by targeting mitochondrial cytochrome c oxidase subunit I (COI) gene demonstrated a decrease in the diversity of bony fishes and soft corals with an increase in richness of sponges and copepods. The results also revealed a turnover of taxa, wherein species lost due to human-induced pressures were compensated by introducing exotic taxa into the community (Wesselmann et al., 2022). DiBattista et al. (2022) employed eDNA to assess biogeographic patterns across multiple taxonomic groups, targeting 18S rRNA for eukaryotes, 16S rRNA for bony fishes, and ITS region for corals and sponges along the Omani coast. The authors observed a known biogeographic break in fish communities between the north and the south of Oman. Moreover, they found correlations between community shifts, local environmental factors, and anthropogenic impacts along the coastline. This study provided compelling evidence that eDNA metabarcoding is a powerful tool for identifying biogeographic boundaries associated with oceanographic conditions or human activities. Furthermore, eDNA metabarcoding has been demonstrated to be an effective assessment tool for restoration efforts. Levy et al. (2023) showcased the significance of eDNA metabarcoding as a crucial tool for assessing biodiversity linked to artificial reefs. This study demonstrated the effectiveness of eDNA metabarcoding in assessing the metazoan diversity associated with artificial reefs in the Gulf of Eilat/Aqaba located in the Red Sea by targeting the COI gene. The findings emphasized the importance of adopting this method in future studies on reef reformation and monitoring using artificial marine structures. An investigation for diet studies using eDNA metabarcoding was conducted to evaluate the diet diversity of herbivorous reef fishes to scrutinize the sustainability of coral reef assemblage (Nalley et al., 2022). This assessment specifically focused on targeting algal lineages using a 23S rRNA universal plastid amplicon (UPA) marker. By utilizing metabarcoding techniques and compiling existing data, the study generated a dataset revealing variability in diet specialization even within taxonomic families. In addition, an open-access database for herbivores commonly observed in the western central Pacific was established, which could form a vital resource for developing species-specific and resilience-based management measures. These examples highlight the potential ecological applications of eDNA in diversity assessment, restoration, and diet studies. Similar eDNA-based investigations can be initiated in the Saudi waters of the Gulf, especially in the coral islands of Karan and Jana, which host high biodiversity, and provide valuable information on shifts in reef assemblages and their associated fauna, leading to informed management actions to protect these delicate reef ecosystems.




3.2 Application in biomonitoring and industry

Monitoring marine life relies on time-consuming traditional surveys that pose significant risks to marine organisms (Wheeler et al., 2004). The challenges were further intensified by restrictions on bottom trawling in specific countries, such as Qatar, and numerous marine protected areas in the Gulf. The eDNA metabarcoding offers a feasible alternative for biomonitoring in the Gulf, especially in marine protected areas where routine biodiversity monitoring and assessment of species and habitats is a critical factor. Also, the eDNA approach can be effectively employed in monitoring certain marine species, especially those that are difficult to track due to their small size or residents in deep-sea habitats (Stefanni et al., 2022). The data collected through monitoring activities employing eDNA can play a crucial role in guiding management practices aimed at preserving the Gulf ecosystems. This approach ensures the maintenance of healthy ecosystems, along with their associated functions and services. However, challenges such as a lack of standardized methodology, incomplete reference databases, and the lack of appropriate contamination controls or sensitivity measures may pose obstacles to interpreting eDNA results within environmental impact assessments (Hinz et al., 2022). In recent times, there has been growing validation of the effectiveness of eDNA for biomonitoring and evaluating the response of biotic communities to environmental stress associated with anthropogenic activities. Previous studies in the Gulf have employed the eDNA approach to evaluate the environmental impacts of industrial activities on benthic communities (Lee et al., 2019; Al-Enezi et al., 2022; Al-Salameen et al., 2023). Studies from offshore oil and gas drilling and production platforms in New Zealand have demonstrated the potential of eDNA metabarcoding for monitoring the local biodiversity (Laroche et al., 2016, Laroche et al., 2018). These studies evaluated changes in the composition of benthic bacterial, eukaryotic and foraminiferal communities targeting 16S and 18S rRNA genes and detected the presence of hydrocarbon-degrading bacterial taxa at petroleum-impacted stations. This groundbreaking study identified key bio-indicator foraminiferal taxa that could be used for future monitoring of oil and gas-related activities. In a similar investigation to study the diversity of benthic bacterial and eukaryotic communities in the Gulf coral reefs exposed to varying levels of PAH pollution revealed remarkable shifts in the communities in response to crude oil pollution compared to control sites. There was a differential response of entire benthic communities to different degrees of hydrocarbon pollution, with eukaryotic communities displaying a greater susceptibility to the impact (Oladi et al., 2022). Cordier et al. (2019) assessed the impact of offshore gas platforms in the North Adriatic Sea on the diversity of benthic and planktonic eukaryotes by analyzing water and sediment samples using multiple markers such as 16S rRNA, 18S rRNA, and CO1 genes. The study indicated changes in benthic foraminifera and pelagic communities in areas closer to the platforms (>50 m), highlighting the potential of eDNA for assessing the impacts of offshore production activities, thereby contributing to global compliance efforts and fostering biodiversity stewardship. Comprehensive studies to identify potential bioindicators crucial for assessing the health of marine ecosystems in the Gulf region can be carried out employing eDNA metabarcoding. Focused research on zooplanktons, macro/meio/microbenthic communities is crucial to determine their appropriateness as bioindicators within the Gulf’s unique environmental conditions. Hence, eDNA metabarcoding could be used to monitor the health status of marine ecosystems by specifically focusing on shifts in the community structure.

The Gulf is home to critically endangered groups such as dugongs, sea turtles, and several endangered fishes (Abdulqader and Miller, 2012; Preen et al., 2012). Hence, regular monitoring and documentation of the threatened taxa inhabiting the Gulf are essential for implementing conservation measures. In addition, biomonitoring of marine mammals such as dolphins, dugongs, and whales is critical for ecological balance, conservation efforts, sustainable resource management, and evaluating the implications of anthropogenic operations in the Gulf (Rabaoui et al., 2021). There is a notable scarcity of comprehensive data regarding the diversity, distribution, and abundance of marine mammals in the Gulf. Biomonitoring through advanced techniques like eDNA metabarcoding can fill this knowledge gap and provide a more accurate and efficient assessment of marine mammals without direct physical interaction, providing valuable data for conservation strategies. Past reports of fisheries landing by (Al-Husaini et al., 2015) indicated a significant reduction in the abundance of commercial fish and shellfish species in the northwestern Gulf due to overfishing. Hence, there is a critical demand for a rigorous and robust monitoring system for fisheries conservation and management. Utilizing eDNA metabarcoding allows gathering species-specific knowledge of fish, enabling the assessment of current species richness patterns in the Gulf. Furthermore, eDNA analysis has been proven successful in detecting fish species that are rarely recorded by conventional monitoring methods (Foote et al., 2012; Thomsen et al., 2012; Kelly et al., 2014). Saenz-Agudelo et al. (2022) proved the effectiveness of eDNA metabarcoding for biomonitoring by detecting vertebrate communities in a protected coastal environment with complex hydrodynamics in Southern Chile. In this study, the taxonomic results were compared with historical records acquired through conventional methods, confirming that the distribution of eDNA aligns with the distribution of identified taxa. In addition, several cryptic and exotic species that are national conservation targets could be identified.

Researchers have been using the ecological index, AZTI’s Marine Biotic Index (AMBI), for assessing the ecological status of macrobenthic communities in the Gulf (Shokat et al., 2010; Joydas et al., 2017, Joydas et al., 2023). The genetic versions of this index, genomic AMBI (gAMBI) and presence/absence genomic AMBI ((pa)gAMBI) are calculated using metabarcoding-derived read counts and presence/absence, respectively, for each identified taxon in eDNA metabarcoding investigations. Kappa analysis was used to evaluate the correlation between the different indices, indicating the validity of eDNA metabarcoding for assessing marine benthic ecosystems (Aylagas et al., 2014; Aylagas et al., 2016a, Aylagas et al., 2018). Similarly, by using ecological quality status (EcoQS) approach, the level of stress on benthic foraminifera was studied in Kuwait Bay. The diversity-based indices, such as expected H’bc (exp (H’bc)) and genetic H’bc (g-exp(H’bc) were calculated for the morphological and metabarcoding dataset, respectively. This was the first attempt to apply the foraminiferal metabarcoding to evaluate the EcoQS within the Gulf (Bouchet et al., 2012; Cavaliere et al., 2021; Al-Enezi et al., 2022). These studies, employing biotic indices, indicated that the eDNA metabarcoding provides a robust approach for evaluating and monitoring marine ecosystems, enabling the application of established ecological indices and metrics to derive valuable insights into the health and diversity of various taxa in these environments.




3.3 Application in invasion biology

For centuries, anthropogenic activities have been responsible for introducing non-native species into new ecosystems, posing significant threats such as disruptions to ecosystems, loss of biodiversity, and considerable ecological and economic impacts. The introduction of non-native organisms to a new marine ecosystem, commonly referred to as marine bio-invasion, can occur through a variety of means, including maritime shipping, trade of live organisms for aquaculture, fisheries, stock enhancement, ornamental markets, and maritime canals (Ojaveer et al., 2018). Marine bio-invasions have been identified as a serious threat to biodiversity and the regular functioning of marine ecosystems (Lubchenco, 1991; Clarke et al., 2020). “Biosecurity” in marine environments refers to measures taken to prevent the introduction and spread of undesired invasive and non-native species (INNS, Biosecurity Strategy) (Callaghan, 2003). The Gulf is a bustling shipping route for oil transportation. Around 53,000 vessels enter the Gulf yearly, and approximately 40% of global oil transportation passes through the Gulf (Al-Yamani et al., 2015). Ballast water and vessel hull fouling potentially contributed to introducing new marine species in the Gulf (Hallegraeff, 2015; Ojaveer et al., 2018; Clarke et al., 2020). Ballast water from ships in the Gulf region used to be a potential source of Harmful Algal Blooms (HABs), posing a risk to global marine biodiversity because of resilient microalgal species. Hence, it is advisable to undertake a comprehensive biological survey of the Gulf to distinguish between indigenous, cryptogenic, and potentially invasive species (Hallegraeff, 2015). The use of qPCR for species detection relies on the critical step of developing species-specific primers that amplify the DNA of the target species from the eDNA, avoiding false-positive results caused by cross-amplification (Kim et al., 2018; Guan et al., 2019). Furthermore, droplet digital PCR (ddPCR) methods are utilized for the detection or quantification of target invasive species due to their heightened sensitivity, even in the presence of minimal amounts of eDNA (Doi et al., 2015a; Wood et al., 2019). Nevertheless, it is worth noting that the costs associated with ddPCR tests are generally higher compared to qPCR assays (Doi et al., 2015b).

Previous investigation using taxonomic data has identified 14 suspected alien species, ranging from microalgae to fish in the Gulf (Al-Yamani et al., 2015). Comtet et al. (2015) conducted a study exploring the application of eDNA metabarcoding to identify non-native species covering various taxa and ecosystems. The authors highlighted the benefits of eDNA analysis in the early detection of non-native species in the environment. Clarke et al. (2020) have identified a list of marine and brackish invasive non-native taxa, including fish, tunicates, invertebrates, marine plants, and protists from the Gulf and Sea of Oman that could negatively affect biodiversity in the future. However, no reports of non-native species identification via eDNA metabarcoding in the Gulf have been reported. Considering the significant volume of maritime traffic in the Gulf and its unique marine ecosystem, eDNA techniques should be a promising tool for monitoring biosecurity in the Gulf. To conclude, eDNA metabarcoding can offer a comprehensive evaluation of the marine ecosystem and present a snapshot of the current state of the Gulf’s marine biodiversity.





4 Challenges

The process of eDNA metabarcoding presents numerous technical hurdles that need to be addressed in the Gulf, spanning from sample collection to eDNA extraction, primer selection, and subsequent bioinformatics analysis.



4.1 Challenges in the field

The shallow nature of coastal waters and inner bays in the Gulf demands the use of small boats for sampling. Consequently, smaller boats make sampling dependent on favorable weather conditions, leading to variability in schedules and possible delays. This situation can result in extended storage periods for eDNA samples. Filtration of seawater samples on smaller boats presents significant challenges, particularly amid adverse weather conditions in the Gulf. Furthermore, it is crucial to note that various physicochemical, biological, and ecological factors influence the release, retention, transportation, and degradation of eDNA. In the context of the Gulf, a comprehensive awareness of the interplay of these factors becomes imperative for identifying potential influences on eDNA dynamics. However, the existing literature suggests that elevated water temperature is likely to have a negative impact on the persistence of eDNA (Sigsgaard et al., 2020). The variability of eDNA in the Gulf at both spatial and temporal dimensions highlights the importance of a meticulous approach when designing a sampling plan. Hence, pilot studies are highly recommended.




4.2 Challenges in laboratory analysis

The establishment of standardized procedures for sample collection and laboratory analysis is a fundamental step toward ensuring the reliability and reproducibility of eDNA analysis in the Gulf. Obtaining high-quality DNA with a good yield is crucial to ensure the maximum representation of the biotic community in environmental samples. Elevated levels of PCR inhibitors such as humic acid and tannic acid in sediment samples collected from wetlands, coral reefs, and fish landing sites in the Gulf can affect PCR analyses. Therefore, it is necessary to either dilute the eDNA or implement additional purification steps to eliminate these inhibitors (Patin and Goodwin, 2023). As eDNA samples are highly heterogeneous, it is challenging to achieve a complete primer-target match during amplification, which could lead to biased PCR results (Stadhouders et al., 2010). Moreover, the risk of false positives and negatives in eDNA analysis exists due to potential field or laboratory contaminations, which can result in the misinterpretation of data (Coble et al., 2019). To enhance the overall inclusion of specific taxa of interest in the Gulf, it is advisable to employ multiple molecular markers in a single study. This strategy will improve the sensitivity, specificity, and reliability of eDNA analyses. An additional critical concern is the inadequacy of Molecular Biology laboratory facilities dedicated to eDNA studies in the region which acts as a barrier for researchers and scientists seeking to conduct thorough DNA barcoding studies, thereby restricting their ability to delve into and comprehend the diverse ecosystems of the region. Addressing this shortfall is imperative to facilitate scientific endeavors and fortify the foundation for a more thorough understanding of the Gulf’s unique biodiversity.




4.3 Challenges in data analysis

The accuracy of taxonomic identification in eDNA analysis is significantly dependent on the quality of the reference database utilized. A key challenge in this procedure involves assigning gene sequences to particular taxa, a task typically accomplished through comparisons with established databases such as GenBank or Barcode of Life Data System (BOLD). Past studies have emphasized that gaps in reference databases significantly impede the taxonomic assignment of recovered sequences (Wangensteen et al., 2018; Ruppert et al., 2019; Weigand et al., 2019; Hestetun et al., 2020). Despite the existing DNA barcoding efforts for various fish species in the Gulf region (Asgharian et al., 2011; Rabaoui et al., 2019; Afrand et al., 2020; Ludt et al., 2020; Afrand et al., 2023), a comprehensive understanding of biodiversity in the Gulf remains inadequate. There is a notable absence of barcodes for individual species and molecular references in barcode libraries, which is crucial for refining the taxonomic assignment of metabarcoding data. Addressing this gap necessitates a comprehensive initiative in the Gulf aimed at generating DNA barcodes for all plants, animals, and microbial species within the region. This initiative, by constructing and exchanging a robust database, will significantly enhance our capacity to interpret metabarcoding data, thereby contributing to a more profound understanding of biodiversity in the Gulf.





5 Conclusion and future directions

The remarkable progress in DNA sequencing technologies has significantly broadened the range of applications for eDNA in ecological monitoring, impact assessment, and global mitigation measures. The eDNA metabarcoding, a versatile and powerful tool, offers extensive applicability for addressing fundamental biological inquiries related to species diversity, distribution, and ecology. It enables the simultaneous detection of multiple taxonomic groups across large geographical scales, especially in regions undergoing significant habitat changes, environmental variations, or human-induced pressures. The Gulf, characterized by its extreme environment and substantial anthropogenic activities, faces challenges of marine pollution that impact its biodiversity. The eDNA metabarcoding can potentially revolutionize biodiversity assessment, biomonitoring, and environmental impact studies in the Gulf, offering a more comprehensive and efficient approach to understanding and conserving this extreme environment. As the Gulf region undergoes rapid economic development, having baseline data on biodiversity and ecological health is crucial. The present requirement entails establishing collaborative platforms and initiating foundational studies utilizing eDNA metabarcoding to generate essential baseline data on marine biodiversity in the Gulf. This data will serve as a guiding framework for future regional biomonitoring initiatives. Integrating eDNA metabarcoding into regular monitoring programs and environmental management practices is essential for the sustained health and conservation of the Gulf. Though eDNA metabarcoding offers numerous advantages, it also presents certain challenges that necessitate careful consideration and resolution. These encompass the requirement for standardized protocols, quality control measures, advancements in bioinformatics for accurate data analysis and interpretation and a lack of comprehensive reference databases. The key requirement in eDNA research in the Gulf is establishing a regional reference database for accurately identifying the species which help researchers differentiate between native and invasive species, assess biodiversity, and monitor ecosystem health. However, the lack of well-equipped laboratories specializing in Molecular Biology in the Gulf region severely restricts the capacity to conduct efficient and comprehensive barcoding studies. This deficiency hinders scientists and researchers from exploring and cataloging the rich biological diversity within the Gulf, limiting their ability to identify and characterize various species accurately. The establishment of modern Molecular Biology facilities tailored for DNA barcoding research is essential to overcome this challenge. Additionally, there is a knowledge gap regarding the impact of environmental conditions and oceanographic patterns on eDNA degradation and transport rates in the Gulf. Advancing knowledge in these areas is crucial for accurately interpreting eDNA data and optimizing its effectiveness in monitoring initiatives. Overall, the progress achieved in eDNA research presents significant opportunities but necessitates ongoing efforts to address challenges, expand reference databases, improve understanding of environmental influences, and foster the integration of eDNA with traditional monitoring approaches.
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