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Global biodiversity loss is unprecedented, and threats to existing biodiversity are growing. Given pervasive global change, a major challenge facing resource managers is a lack of scalable tools to rapidly and consistently measure Earth's biodiversity. Environmental genomic tools provide some hope in the face of this crisis, and DNA metabarcoding, in particular, is a powerful approach for biodiversity assessment at large spatial scales. However, metabarcoding studies are variable in their taxonomic, temporal, or spatial scope, investigating individual species, specific taxonomic groups, or targeted communities at local or regional scales. With the advent of modern, ultra-high throughput sequencing platforms, conducting deep sequencing metabarcoding surveys with multiple DNA markers will enhance the breadth of biodiversity coverage, enabling comprehensive, rapid bioassessment of all the organisms in a sample. Here, we report on a systematic literature review of 1,563 articles published about DNA metabarcoding and summarize how this approach is rapidly revolutionizing global bioassessment efforts. Specifically, we quantify the stakeholders using DNA metabarcoding, the dominant applications of this technology, and the taxonomic groups assessed in these studies. We show that while DNA metabarcoding has reached global coverage, few studies deliver on its promise of near-comprehensive biodiversity assessment. We then outline how DNA metabarcoding can help us move toward real-time, global bioassessment, illustrating how different stakeholders could benefit from DNA metabarcoding. Next, we address barriers to widespread adoption of DNA metabarcoding, highlighting the need for standardized sampling protocols, experts and computational resources to handle the deluge of genomic data, and standardized, open-source bioinformatic pipelines. Finally, we explore how technological and scientific advances will realize the promise of total biodiversity assessment in a sample—from microbes to mammals—and unlock the rich information genomics exposes, opening new possibilities for merging whole-system DNA metabarcoding with (1) abundance and biomass quantification, (2) advanced modeling, such as species occupancy models, to improve species detection, (3) population genetics, (4) phylogenetics, and (5) food web and functional gene analysis. While many challenges need to be addressed to facilitate widespread adoption of environmental genomic approaches, concurrent scientific and technological advances will usher in methods to supplement existing bioassessment tools reliant on morphological and abiotic data. This expanded toolbox will help ensure that the best tool is used for the job and enable exciting integrative techniques that capitalize on multiple tools. Collectively, these new approaches will aid in addressing the global biodiversity crisis we now face.
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ENVIRONMENTAL GENOMICS INTEGRATION AS A NATURAL PROGRESSION FOR BIODIVERSITY ASSESSMENTS

Current rates of biodiversity loss are at an all-time high and we are observing rapid global change (IPBES, 2019), making it essential to monitor biodiversity and ecosystems as they respond to these changes. Traditional methods of biodiversity assessment relying on direct observations of taxa are widely used (Friberg et al., 2011), and while they generate important data, they face many challenges. One of these problems is that obtaining biodiversity data is very slow; one study, for example, demonstrated that a typical environmental impact assessment takes 3.4 years to complete (range: 51–6,708 days) (deWitt and deWitt, 2008). Additionally, the cost of traditional monitoring is often very high, especially for whole ecosystems and, consequently, often focuses on target groups or indicator taxa (Pearson and Hawksworth, 1994; Souza et al., 2016; Kissling et al., 2018). Another issue with traditional biomonitoring approaches is that the methods are variable and inconsistent (Birk et al., 2012), in part because they target different taxonomic groups at different levels of taxonomic organization (Friberg et al., 2011). Failure to standardize methods represents a missed opportunity to generate regionally and globally comparable datasets, leading to gaps in large-scale datasets and the over-generalization of local findings to larger scales (Araújo and Guisan, 2006; Wilkes et al., 2017). Because of these difficulties, increasing the efficiency and scale with which bioassessment is conducted has not substantially improved since its advent, and some efforts to improve biomonitoring have complicated programs more than simplified them (Hering et al., 2003). Given these challenges, it is not surprising that little progress has been made to transform biomonitoring into a predictive science in a way analogous to other scientific fields (Purvis et al., 2018). Environmental managers are often left playing catch-up, treating the symptoms of environmental problems instead of addressing the sources, especially where old methods are being used to monitor novel stressors (Woodward, 2009), and these problems will only be exacerbated as climate change and other global disturbances begin to alter ecological baselines, undermining the control-reference systems that are at the core of many contemporary bioassessment programs (Moss et al., 2009; Woodward, 2009).

Despite the difficulties inherent in scaling any type of monitoring up to the global level, real-time data acquisition tools exist for assessing other types of information at national or global scales, including weather (National Center for Atmospheric Research, National Weather Service), hydrology (USGS), seismic activity (USGS), land and water imagery (NASA), and atmospheric constituents for climate change modeling (NOAA Earth System Research Laboratory). These tools have allowed for great strides in modeling and predictive science with direct application to human livelihood (Alley et al., 2019). There is no equivalent unified effort for collection and assessment of global or continental biodiversity data in real or near-real time, despite promising regional, national, and international efforts (e.g., U.S. National Ecological Observatory Network; E.U. Water Framework Directive; Group on Earth Observations Biodiversity Observation Network; but see the Global Biodiversity Information Facility and the International Barcode of Life BIOSCAN project as examples of long-term efforts to amass global biodiversity information). To understand and mitigate biodiversity loss, we must be able to measure it at the temporal and spatial scales that it is changing, which is even more important given rapid global change.

Here, we argue that the adoption of environmental genomic tools to facilitate rapid, large-scale biomonitoring efforts represents a natural progression in bioassessment and ecosystem surveillance. DNA metabarcoding can easily be included in routine biomonitoring programs to provide biodiversity data across ecosystems. As sequencing technologies progress and commercial labs become more prevalent, this will enable new possibilities for creating networks of practitioners and labs that will be able to consistently produce environmental genomic data at regional, national, and global scales. The added value that the adoption of DNA metabarcoding will provide includes (1) streamlined field collection efforts and rapid generation of results, (2) opportunities for developing global, near real-time biodiversity models, (3) spatially and temporally large datasets of consistently observed, whole-system biodiversity data for testing large-scale metacommunity hypotheses, and (4) opportunities for communities to collect biological samples to enhance engagement with environmental stewardship. Additionally, deep sequencing technologies will enable the coupling of DNA metabarcoding with other analytical possibilities, including phylogenetic, functional genomic, and food web analyses. These advances will set the stage for a new era of global, whole-ecosystem bioassessment.



DNA METABARCODING AS A TOOL FOR RAPID, WHOLE-ECOSYSTEM, GLOBAL BIOASSESSMENT

DNA metabarcoding provides a rapid means of biodiversity assessment by identifying multiple taxa simultaneously in a sample using DNA sequencing. These may include samples of bulk tissue from whole organisms or environmental samples of water or soil with residual or bound DNA. Environmental DNA, or “eDNA,” is simply any DNA that is found in the environment, which is present in both living cells and dead cells from sloughed-off skin, mucous, or feces, as well as fragments of DNA that are either suspended or bound to organic particles (Creer et al., 2016). Environmental DNA includes both intracellular DNA (Zhang et al., 2013), which is the component of eDNA found within the cells and organelles of living or recently dead organisms, and extracellular DNA, which is the component of eDNA found outside of cells, including both adsorbed DNA and free DNA. Both intracellular DNA and extracellular DNA can be captured and analyzed from an environmental sample. In practice, however, different types of eDNA are not separated for downstream genomic analysis. Consumed DNA consists of DNA recovered from the digestive tract of an organism found under various stages of digestion. Further, bulk sample DNA is often used to distinguish eDNA from DNA recovered from mixtures of organisms that have been separated from environmental samples (Deiner et al., 2017). Environmental DNA is commonly analyzed using one of two molecular methods: metabarcoding or qPCR. The qPCR approach targets small sets of species of interest and does not rely on DNA sequencing (Rees et al., 2014) while the metabarcoding approach takes advantage of high throughput, massively parallel DNA sequencing instruments to identify organisms across various taxonomic groups simultaneously (Creer et al., 2016). In this paper, we focus on metabarcoding methods that can be applied to eDNA and bulk samples.

Metabarcoding uses a marker-based approach to biodiversity assessment, where short strands of DNA that initiate DNA synthesis of specific regions of the genome are used to amplify fragments of DNA from a range of taxa in a sample. Additionally, environmental RNA metabarcoding, which targets complementary DNA through reverse-transcription PCR, can be performed in a similar way (reviewed in Zaiko et al., 2018), providing a measure of the active or viable community (Mengoni et al., 2005); however, this approach needs more development to be widely applicable and is not further considered in this review. DNA metabarcoding assays can be designed to target specific groups of organisms (i.e., using targeted primers) or large swaths of biodiversity across multiple taxonomic groups (i.e., using general primers to target all eukaryotes in a sample). However, in practice PCR amplification can have many sources of bias, including variation in primer binding capacity, especially when used on environmental samples with many DNA templates of different concentrations (Hajibabaei et al., 2012). Metabarcoding assays targeting multiple gene regions can be run for each sample to increase the range of taxa detected from each sample (Gibson et al., 2014). Different metabarcoding assays across samples can be multiplexed into a single sequencing library, and with the advent of sequencers with very high sequencing capacities, the number of samples that can be sequenced simultaneously—while achieving high sequencing depths—is huge (e.g., hundreds to thousands in a single sequencing run). Raw sequence data are processed through several bioinformatic steps (e.g., quality filtering, denoising) and then the recovered sequence reads are assigned taxonomy by comparing them against known sequences in a reference database. The resulting data consist of taxonomic lists of all taxa detected in a given sample. Taxonomy-free approaches are also available to study biodiversity patterns directly from the recovered sequences.

There has been an exponential rise in the use of DNA metabarcoding as a bioassessment tool (Figure 1), with growth driven primarily by the academic and government sectors (Figure 1A) and applications of this technology generally becoming more diverse through time (Figure 1B). Advances in technology and decreases in cost continue to make this methodology more accessible (Slatko et al., 2018). As DNA sequencing technology has advanced, the amount of data generated from environmental samples has increased. Current high capacity sequencing platforms (e.g., Illumina NovaSeq) enable taxonomically comprehensive, rapid bioassessment of virtually all organisms in a sample using a uniform approach. This technology is superior in both sequencing depth and enhanced instrument sensitivity (Singer et al., 2019). To complement the increase in data generated, advancements in computing power and bioinformatic pipelines allow raw sequences to become taxonomic lists at an equally rapid pace (Langmead and Nellore, 2018). Coupled with ultra-deep sequencing and new bioinformatic tools, DNA metabarcoding can generate a taxonomic list of species present in a sample across taxonomic groups in a matter of days.
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FIGURE 1. Occurrences of (A) sectors and (B) applications in publications through time. Across all publications, the target taxonomy of each study is broken up by (C) sector and (D) application. Data come from a systematic literature search of 1,563 published articles on DNA metabarcoding (Supplementary Material 1); for methodological details, see Supplementary Materials 2, 3.


Despite near global coverage of sampling efforts across a wide range of taxonomic groups (Figure 2), most of the applications of DNA metabarcoding have been limited in scope (Figures 1C,D) and tend to focus on: (1) targeted species detection (e.g., invasive or endangered species); (2) specific taxonomic groups or target communities (e.g., fish or microbes); (3) local and regional scales; and (4) diet assessment studies linking a target consumer to its prey items, as inferred by sequencing consumer gut contents, blood meals, or feces. While these examples certainly illustrate the breadth of use cases for DNA metabarcoding, they are limited in spatiotemporal scope and the range of biodiversity targeted, throttling the potential information available from eDNA. Indeed, one of the strongest promises of eDNA metabarcoding is that its samples contain DNA from the entire complement of biodiversity in a system, meaning that existing metabarcoding techniques can easily be leveraged for larger scale studies. The inclusion of multiple metabarcoding assays targeting different marker genes can expand the taxonomic coverage of results from samples, greatly expanding the applications of a dataset (Ritter et al., 2019; Silva et al., 2019; Zhang et al., 2020). For example, if a researcher is interested in detecting a target species at risk, an additional general assay can be added to the workflow in addition to the targeted assay, such that the same samples used for targeted assessment could also be used in a more broad biodiversity campaign targeting all of the biodiversity in a system. Additionally, this added information on all the cooccurring biodiversity in a system would provide more context for the targeted assessment, illuminating the biological context in which endangered species persist or non-native species invade an ecosystem. What is more, even if a set of eDNA samples are run for a particular application (i.e., initially run with a targeted primer to detect an invasive species), the DNA extract can easily be archived and re-sequenced using additional assays for future applications, greatly extending the value of these samples.
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FIGURE 2. Global map of metabarcoding sampling locations. Points are scaled and colored by the breadth of biodiversity covered, ranging from targeted assessment (class level or below) to total biodiversity assessment (samples using broad-coverage primers covering two or more domains). Data come from a systematic literature search of 1,563 published articles on DNA metabarcoding (Supplementary Material 1); for methodological details, see Supplementary Materials 2, 3.


Beyond the utility of DNA metabarcoding to greatly expand the breadth of taxonomic coverage for total biodiversity assessment, this approach is conducive to expanding sampling efforts to unprecedented spatiotemporal scales (Creer et al., 2016; Bush et al., 2019), allowing for more samples to be collected more quickly, more easily, and in more remote locations. This promise will be further realized as eDNA metabarcoding is met with efforts toward automating sample collection [e.g., using drones and Autonomous Underwater Vehicles (AUVs)] and as ultra-deep sequencing technologies allow for greater read depth, meaning that more biodiversity information can be extracted from the same sample, potentially leading to less sample volume required for adequate biodiversity assessment.



WHO COULD BENEFIT FROM DNA METABARCODING: OUTLINING THE STAKEHOLDERS ACROSS SECTORS

While the users of DNA metabarcoding techniques have primarily been academics, other stakeholders from various sectors have also started taking advantage of this technology (Figure 1A). The benefits of the time and cost-savings provided by DNA metabarcoding are applicable across sectors, however the impacts and challenges associated with adopting these techniques are unique to each. Resistance to adoption of DNA metabarcoding by many stakeholders is similar to the methodological conservativism that slows adoption of other technologies, but adoption of guiding virtues—or attitudes toward engagement with environmental genomic technologies—will serve to assuage concerns, facilitate positive inter-agency collaboration, and guide positive interactions between end users and these technologies, hopefully leading wise management decisions (Darling, 2019).


Academic

DNA metabarcoding was pioneered by the academic sector, which has since been using the rich biodiversity information generated through DNA sequences to address a range of ecological questions. The academic sector has benefitted by improvements in the processing time and decreased cost. The promise of rapid assessment of total ecosystem diversity from DNA metabarcoding will equip academics lacking taxonomic expertise with the ability to assess any organism group at any level of taxonomic resolution, greatly expanding the pool of scientists able to address biodiversity questions and allowing for more rapid scientific advancement. Additionally, it will allow for the concurrent examination of many different groups of taxa, from microbes to mammals, which is often not possible due to financial constraints or the narrow taxonomic expertise of many academic researchers. An increasing user base for biodiversity data will facilitate synergies between academics specializing in taxonomy and genomics, as the increased demand for rapid, whole system bioassessment will require these taxonomists to do the hard work of describing species, linking these species to genomic databases, and describing their life histories so that traits information can be obtained.

Challenges to widespread adoption in academic sectors come from accessibility to academic or commercial labs with the capacity for whole-community DNA metabarcoding. Barriers also result from misconceptions relating to the cost and perceived technical difficulty of DNA extraction, amplification, and sequencing methods, as well as bioinformatic processing of data. These limitations will likely be overcome once additional public and commercial facilities emerge (see Synergies below).



Government

Like the academic sector, government agencies will benefit from the rich biodiversity information provided by DNA metabarcoding. However, where academic stakeholders are often more interested in utilizing DNA metabarcoding as a tool for specific case studies, local, and especially federal, governments have greater capacity to employ DNA metabarcoding for widespread application to mandated biomonitoring programs. In this sense, the consistency, reproducibility, and DNA archival aspects (i.e., DNA extract can be stored long-term at −80°C and used again in the future) of DNA metabarcoding are invaluable. For example, DNA metabarcoding has the potential to eliminate the biases related to different sample processing methodologies and the different taxonomic biases associated with morphological identifications (Nerbonne et al., 2008). While DNA metabarcoding on a national or global scale would require a standardized field sampling methodology, collecting and filtering a water sample of known volume or obtaining a bulk sediment sample is much easier to standardize and affords much more consistency than traditional sampling methods, which are often more complicated. This would be a natural progression and a great improvement on existing efforts that remain localized and fragmented.

A key challenge to adoption of genomic approaches, like DNA metabarcoding, by government agencies is overcoming socioeconomic constraints and legal and historical precedents mandating how biomonitoring is performed (Leese et al., 2018). While some promising signs exist on the frontier of federal biomonitoring programs utilizing DNA metabarcoding (e.g., NEON: https://www.neonscience.org/data-collection/dna-sequences; ECCC: https://www.canada.ca/en/environment-climate-change/services/canadian-aquatic-biomonitoring-network/news-events.html#assessing), these efforts have taken time to realize, largely due to the confines of how sampling was traditionally done and a general resistance to change (Ford et al., 2008). Some of this resistance likely comes from the unwillingness to abandon invaluable, long-term morphological datasets by those involved in regional biomonitoring programs. Fortunately, DNA metabarcoding could be conducted in a way to supplement existing programs, with minimal added effort (e.g., using a subsample from a sediment sample; collecting a water sample for eDNA at existing monitoring sites). This issue, however, is complicated by local and national bioassessment mandates, which are often broad legislative guidelines that do not require a specific methodology or technology for these assessments. The prospect of adopting DNA metabarcoding for developing countries, which are not encumbered by historical precedents and legislation related to biomonitoring, is even more immediately plausible, as DNA metabarcoding will facilitate generating biodiversity data for bioassessment program development, and allow for biodiversity data to be connected to other datasets across large spatial scales, a possibility that will become more realized as the archival of DNA extracts and raw sequence data (collected under standardized protocols) become more common and legally mandated.



NGOs/Citizen Scientists

While key benefits of DNA metabarcoding to academic and government sectors relate to standardization and streamlining of biodiversity data acquisition, the benefits to NGOs and citizen scientists are much broader and indirect. The technical skills required to perform the lab and bioinformatic steps of DNA metabarcoding are often too complex for direct adoption by these stakeholders. Nevertheless, NGOs and citizen scientists will certainly become an important component of field sampling for DNA metabarcoding, particularly for terrestrial and freshwater ecosystems. For marine systems, which often require large vessels with a lot of on-board equipment to access and sample, especially at depth, citizen scientists will be unlikely to play key roles in sampling; however, in the long term, the emergence of automated sampling technologies may enable passive sampling from commercial or private ships (see Technological and Scientific Advances section, below; Figure 3). Since DNA metabarcoding can be conducted using water or soil samples and requires less training than traditional sampling, standardized procedures and sampling kits mean these groups would not only have new tools for studying their local ecosystems, but they could become key players in scaling up DNA metabarcoding, both spatially and temporally. National efforts are already emerging in many countries, including New Zealand (the Environmental Protection Authority's Open Waters Aotearoa: https://www.wilderlab.co.nz/explore), the U.S. (CaleDNA Initiative: https://ucedna.com/), and Canada (Sequencing the Rivers for Environmental Assessment and Monitoring, STREAM: https://stream-dna.com/), that leverage community groups to collect DNA metabarcoding samples across large spatial scales. These types of efforts will engage stakeholders by involving them in the processes of metabarcoding-based biomonitoring, giving them exposure to cutting-edge, forward-thinking biomonitoring approaches and providing important exposure to STEM education and outreach through hands-on programs. The indirect benefits of this and similar programs will be even more broad and impactful as these programs mature, and citizen scientists involved or interested in these programs will be able to access online databases of taxonomic lists for the taxa found in their local ecosystems.
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FIGURE 3. Conceptual model outlining the DNA metabarcoding pipeline, including (1) sample collection, (2) DNA isolation and extraction, (3) high throughput sequencing, (4) bioinformatics, and (5) biodiversity analysis. Purple and red hexagons depict technological and scientific advances that will improve this workflow, with inset colored symbols reflecting the steps of the pipeline that will most benefit from these advances. The gray arrow indicates progress toward total biodiversity assessment (white) and other related advances (gray). Shape shading depicts advances and applications that range from those that are currently receiving a lot of attention and are achievable in the short term (light colors) to those that will require more research and development to achieve in the long-term (dark colors).


Challenges to adoption of DNA metabarcoding by NGOs and citizen scientists will be less logistical, given that these groups will not be responsible for lab processing, bioinformatics, or analysis; rather, these groups will need to be educated about DNA metabarcoding and convinced of the benefits this and other environmental genomic tools will have for their local community. Further, specific education programs will need to be developed to train members of these groups how to sample in a standardized way, using DNA-compatible sterilization techniques, in order to obtain quality data.



Commercial/Consulting

Because DNA metabarcoding involves technical equipment and expertise in the lab (e.g., DNA extraction, library prep, high-throughput sequencing) and computing (e.g., denoising, chimera removal, database matching) steps in the workflow, this and other metagenomic approaches are still beyond the reach of many practitioners who have, until recently, had to partner with academic or government labs to achieve their metabarcoding goals. This limitation has likely been a barrier to more rapid, widespread adoption of DNA metabarcoding for routine biomonitoring, even when there is desire or curiosity to explore these new methods. This gap represents an unoccupied niche that is quickly being filled by commercial genomic labs across the globe. As of November 2019, we identified 26 commercial labs globally—primarily concentrated in North America, Europe, and Australia—that provide some form of eDNA metabarcoding services. These labs are emerging as important partners for members of other sectors, and this was seen in our literature search, which revealed that while members of these companies seldom lead papers, they are becoming increasingly involved in research with other sectors.



Industry

Benefits of DNA metabarcoding to industry will largely overlap with benefits to other sectors, but this sector may stand to benefit the most from the rapid and cost-efficient DNA metabarcoding approach. Legal mandates requiring natural resource companies to perform environmental impact assessments often lead to long, expensive processes that pit governments and NGOs against industry and can lead to lawsuits ensnaring all parties in litigation for years and sometimes decades (Macintosh et al., 2018; Estes, 2019). While not all of these problems will be solved by DNA metabarcoding, this revolutionary technology certainly will provide a much faster, cost-effective way of performing environmental impact assessments, leading to a more efficient process of data acquisition. Further, given the capacity of DNA metabarcoding to unlock the full complement of biodiversity information—from microbes to mammals—this will lead to more holistic decisions based on a more comprehensive assessment of impacts to biodiversity and ecosystem function compared to existing assessment efforts that focus on indicator taxa or target species of interest (e.g., charismatic megafauna). Additionally, with the full complement of biodiversity at the disposal of bioassessment practitioners, the opportunity for novel metric development will arise, potentially leading to more predictive metrics for ecosystem change and stability. Further, deeper sequencing approaches should allow for more complete functional gene assessment, enabling practitioners to connect the dots between ecosystem structure and function. Collectively, this new suite of tools will provide industries with a more complete picture of ecosystem impacts resulting from natural resource development and alteration, equipping industries—ranging from oil and gas to commercial enterprises—with unprecedented tools for rapidly conducting environmental impact assessments and, ultimately, expediting project approvals while assuring that they are done in an ecologically responsible and sustainable manner.

As communities and stakeholders gain a heightened awareness of climate change and other ways humans can alter global processes, environmental disasters arising from corporate neglect or abuse of the environment (e.g., Deep Water Horizon, Union Carbide in India) have been met with public outcry, leading many large corporations to reevaluate their role in these societal issues. This has resulted in a trend where many companies—including some of the largest oil and gas companies—have established environmental stewardship initiatives to ascertain good corporate responsibility through various programs and pro-environment campaigns. Together with the promises of environmental genomic tools, this desire within industry will provide exciting opportunities for partnership and collaboration among other sectors and ultimately help resource development industries become more environmentally conscious entities (Graham, 2017). Additionally, other industries will emerge from DNA metabarcoding and environmental genomics, which we are already seeing, including the personal genomics industry (Contreras and Deshmukh, 2017; Geiger and Gross, 2019).

Challenges to the adoption of DNA metabarcoding by industrial sectors will parallel those that have kept academic, government, NGO, and industrial sectors separated for so long: namely, a failure to see the synergistic capacity of collaboration among these sectors. For the part of industry, there are legitimate concerns relating to proprietary information and the legal ownership of generated products and data, but the benefits to collaboration will likely outweigh any difficulty in working out these agreements. Additionally, regulatory agencies must be willing to accept genomic data for impact assessments and monitoring. Again, this can benefit from collaboration between government, industry, and academia to establish the reliability of metabarcoding as a method of environmental monitoring. Currently, several government agencies are evaluating the applications of eDNA for impact assessment and monitoring (Baillie et al., 2019).



Synergy Among Sectors

While stakeholders from each of these sectors will benefit from adopting DNA metabarcoding for bioassessment purposes, these sectors will need to become much more integrated than they currently are to facilitate widespread adoption of DNA metabarcoding. Currently, most of the research that is being conducted is coming out of the academic sector (Figure 1A), but these estimates are biased by the fact that a lot of research and development that occurs in other sectors (especially industry) is not published in peer-reviewed journals. Despite the popularity of DNA metabarcoding research in academia, this research has been limited in scale and application. For example, most academic DNA metabarcoding studies focus on local scales and detection of a target taxon (e.g., for detection of threatened species or species at risk) or one group of taxa (e.g., fish, frogs, or macroinvertebrates) (Figures 1C,D, 2).

Because most academic labs have their own internal laboratory protocols and bioinformatic methods, results from these studies cannot be broadly compared across labs. This is one key area where collaboration among sectors could yield great advances in adoption and application of DNA metabarcoding. For example, federal programs could be used to create large national networks using established, universal methodologies. Large, federated data portals could be created to house this information, which would provide academic labs with a database and infrastructure to both connect their research campaigns with, and give them access to, high-resolution, long-term datasets collected at national and global scales, facilitating the advancement of macroecology, including concepts proposed—but seldom tested—by metacommunity theory (Leibold and Chase, 2017). These programs will facilitate transferring genomic tools to industry, such that they can more quickly, more cost-effectively achieve environmental compliance. However, these efforts must be synchronized with rapid advances in genomics and bioinformatics. A balance between the evolution of technologies and their adoption will be necessary and can be achieved through focused multi-stakeholder workshops and discussions. Beyond their role in adopting these tools for rapid compliance, industry—with its growing capacity of global infrastructure (Liu and Dunford, 2016)—will be well-positioned to aid in advancement of global-scale biomonitoring efforts (e.g., through shipping networks or commercial fishing systems), and natural collaborations will emerge, particularly between industry and academic or government sectors. The efficiency and utility of metabarcoding can be maximized by collaborations between industries (e.g., oil and gas and fisheries). When multiple industries are active in the same region, they can pool resources to perform comprehensive biodiversity surveys of those regions that will yield data relevant for various applications.

Another aspect of environmental genomics that invites collaborative relationships among sectors is the Convention on Biological Diversity's (CBD) mandate of asset and benefit sharing (ABS) of genomic resources derived from national and international biomonitoring efforts. The CBD mandates equitable access to genetic resources and their benefits [Article 5, Nagoya Protocol: (Secretariat of the Convention on Biological Diversity, 2011)], with direct implications for researchers and practitioners using environmental genomic tools, such as DNA metabarcoding, that characterize biodiversity (Davis and Borisenko, 2017). Specifically, Article 5 of the Nagoya Protocol states that all parties should take legislative, administrative, or policy measures to ensure that “benefits arising from the utilization of genetic resources that are held by indigenous and local communities, in accordance with domestic legislation regarding the established rights of these indigenous and local communities over these genetic resources, are shared in a fair and equitable way with the communities concerned, based on mutually agreed terms.” The intent of this mandate is to provide safeguards to governing bodies that house biodiversity resources, such that access to these genetic resources comes with an exchange of shared benefits derived from their use. Developing countries often house these resources, and so partnerships within these regions can raise awareness of environmental genomic tools among the public, including policy makers, applied practitioners, and government regulatory bodies (Davis and Borisenko, 2017). One of the advantages of eDNA metabarcoding is that it does not use animal or plant tissues for identification and does not require DNA derived directly from tissue; rather, eDNA is from environmental samples and only small gene fragments, barcodes that are approved by the CBD for DNA identification, are sequenced. Because this process uses barcodes that cannot produce functional transcripts, the legislative ABS mandates are less restrictive than for whole genome resources, which means that eDNA metabarcoding is a strong candidate for global biomonitoring programs that cross international jurisdictions and involve diverse stakeholder groups. Moreover, rather than fearing environmental genomics as a means of exploitation of genetic resources, biodiversity-rich countries should embrace the technology as a means of providing an inventory of their resources so that they can more easily be tracked and protected (Vernooy et al., 2010).

Building the necessary partnerships among different stakeholders and sectors will be key to scaling up DNA metabarcoding and next-generation bioassessment, but these types of synergistic efforts have traditionally been difficult due to lack of communication among sectors. While governments have created many incentivization programs to foster cross-sector partnerships (e.g., academic-industry, public-private), these programs have not been very effective (Veletanlić and Sá, 2019), and adoption of novel technologies and methodologies has traditionally been slow (Hering et al., 2018). Yet, the promise of next-generation sequencing and DNA metabarcoding represents a leap forward in bioassessment capacity and, consequently, has the potential to unite traditionally siloed sectors. There is an emerging ontology for global biomonitoring (e.g., Global Infrastructures for Supporting Biodiversity Research), and concerted efforts are arising to aggregate and archive linked genomic (e.g., Global Biodiversity Information Facility) and trait databases (e.g., Global Biotic Interactions). There have even been efforts to formulate global policy for biomonitoring [e.g., Global Earth Observation System of Systems, the EU COST Action DNAqua-Net, European Territorial Cooperation (Interreg)] (Hering et al., 2018; Lefrançois et al., 2018).




OVERCOMING LIMITATIONS TO WIDESPREAD ADOPTION OF NEXT-GENERATION BIOASSESSMENT: A PATH FORWARD

Even as interest in DNA metabarcoding has risen (Figure 1A), there has been resistance toward its adoption, a phenomenon seen with other revolutionary technologies (Ram and Sheth, 1989; Claudy et al., 2015; König and Neumayr, 2017). Some of the concerns about DNA metabarcoding are warranted, while others are baseless and motivated by patch protection and fear of change—including the notion that DNA metabarcoding will threaten the livelihood of, for example, existing biomonitoring programs or the taxonomists upon which they rely. The view that DNA metabarcoding will be in direct opposition to traditional biomonitoring programs and bioassessment approaches, however, is a false dichotomy: these two approaches provide unique and complementary information. While DNA metabarcoding affords greatly enhanced taxonomic resolution (Gibson et al., 2015), rapid results, non-invasive sampling methods, and the ability to identify hidden trophic linkages (Paula et al., 2016; Pornon et al., 2017; Casey et al., 2019), traditional taxonomy is more suitable for measures that rely on individual specimens, such as abundance, size, sex, or age (Lamb et al., 2019; Piñol et al., 2019). These measures are currently used in many monitoring programs and quantification approaches, though recent studies have suggested that presence-absence data obtained from DNA metabarcoding can provide similar trends in ecological assessment compared to measures that incorporate abundance (Aylagas et al., 2016; Sard et al., 2019). Similar to how multiple sampling methods are used in traditional surveys to obtain comprehensive data (e.g., gill netting, fyke netting, and electrofishing for fish surveys), metabarcoding can represent another approach to enhance the results of bioassessments. If anything, we foresee the rise of DNA metabarcoding generating added interest in partnerships with morphological taxonomists (e.g., to expand sequence libraries like BOLD and GenBank) and practitioners conducting existing biomonitoring programs (e.g., to incorporate DNA metabarcoding into existing sampling efforts in order to expedite adoption and expansion of scale). Here, we outline some of the key barriers to widespread adoption of DNA metabarcoding and illuminate how these barriers could be overcome in the short and long term (Figure 3).


Developing Standardized Field Sampling and Lab Methods

Field sampling often represents the highest cost in any biomonitoring effort, and this remains the case in biomonitoring with DNA metabarcoding, where sample collection is typically the most expensive part of the sample processing pipeline for fish, invertebrates, and algae (Stein et al., 2014). Consequently, optimizing field sampling methods remains a major challenge in ecology, especially in difficult to sample regions (Hajibabaei et al., 2016). While considerable effort has been undertaken to compare DNA metabarcoding with traditional morphological methods of bioassessment (Stein et al., 2014), it is important to remember that these two approaches are very different, and so practitioners should not necessarily be trying to sample for DNA in the same way as they traditionally have for morphological samples. DNA can be collected to obtain biodiversity information from a multitude of environmental samples, including water (Ficetola et al., 2008), soil (Fahner et al., 2016), and homogenized bulk tissue (Gibson et al., 2015), and sample volumes can be adjusted based on the total DNA content in a sample. Further, because eDNA does not require whole organisms for identification, samples can also be collected from partially digested gut contents, feces, blood meal (Sousa et al., 2019), and even from sample preservatives (Zizka et al., 2019). Beyond the wide range of samples from which eDNA can be collected that differentiate it from traditional approaches, DNA metabarcoding provides a huge volume of data, which means greater statistical power even with fewer samples, likely making it a more efficient approach than conventional sampling methods. These differences from traditional morphology require novel sampling methods for eDNA that consider (a) how to most efficiently capture eDNA, (b) where variability occurs during the sampling process and how best to replicate sampling for optimal statistical and modeling power, and (c) how to standardize pre-processing steps (e.g., filtering, preservation, fixation) such that they can be reliably used in the field.

In addition to designing sampling approaches for maximizing eDNA capture, considerations for sampling eDNA in different types of ecosystems also need to be made. Developing sampling approaches that allow for consistent observation across different environments and ecosystems is necessary to maximize the power of DNA metabarcoding data, especially since different sampling approaches can yield very different results. For example, recent efforts have examined how well eDNA can be recovered from different sample types (Macher et al., 2018; Erdozain et al., 2019; Hajibabaei et al., 2019a; Koziol et al., 2019). Currently, the most common approach for eDNA metabarcoding is sampling filtered water, which is frequently conducted in both freshwater and marine systems [e.g., BC Ministry of Environment: (Hobbs et al., 2017); USGS: (Laramie et al., 2015)]. While other systems (e.g., forests, frozen tundra) might not be as amenable to water sampling, collecting other eDNA sample types nevertheless involves only a few additional steps. For example, bulk samples of freshwater benthos (Gibson et al., 2015; Bush et al., 2020) and soil or sediments (Fahner et al., 2016; Porter et al., 2016) have been used in numerous publications and have been integrated in large-scale DNA metabarcoding programs (e.g., Canadian Aquatic Biomonitoring Network Field Manual: Wadeable Streams, 2012). The simplicity of eDNA sampling likely provides a path forward for standardized sampling approaches across ecosystem boundaries, and novel approaches for in situ eDNA sampling are being considered (Dickie et al., 2018; Ruppert et al., 2019).

One common challenge to practitioners interested in using eDNA metabarcoding as a bioassessment tool is how to implement sterilization and DNA-compatible techniques to avoid cross-contamination during sample collection in the field. This can be particularly intimidating for practitioners who have limited lab experience or who have never worked with DNA; however, this should not be a barrier to adoption by practitioners or citizen scientists. There are several programs, for example, that provide formalized training for DNA metabarcoding field sampling (e.g., CABIN, NEON). For eDNA water sampling in particular, field sampling using DNA-compatible techniques is relatively easy. In cases where filtering is not required in the field, sample collection can be expedited with short-term storage on ice or dry ice, and immediate transfer to the lab, where samples are stored at −80°C and then sent to a lab specializing in DNA metabarcoding. With the rise of many regional commercial genomic labs, practitioners will have increasing accessibility to these environmental genomic resources, underscoring the importance of these procedures and programs. Another exciting prospect that could overcome the challenge of sterile field sampling, at least in aquatic environments, is autonomous samplers for eDNA, which can be deployed in large water bodies to collect and preserve many samples across large spatial and temporal scales (Yamahara et al., 2019).

Compared to field methods, standardizing lab protocols represents a larger challenge, as there are a lot more steps with variable methods in the lab. Despite the many field factors that influence DNA metabarcoding results [e.g., water volume (Mächler et al., 2016), filter size (Deiner et al., 2018), and preservation method (Robinson et al., 2020)], the laboratory side of eDNA metabarcoding has more variables to control for (e.g., DNA extraction kits, primer choice, the number of PCR replicates performed, sequencing depth, etc.). These laboratory methods tend to be well-documented, as they often use commercially available standardized DNA extraction kits and existing, published primer sets. Indeed, work is already underway to determine how these factors influence the DNA metabarcoding pipeline (Deiner et al., 2018; Majaneva et al., 2018; Piñol et al., 2019). What is more, because DNA extract can be frozen and archived, these samples could be retroactively processed for new primers even after samples are run, enabling comparison to other datasets that used the same methodology.



Preservation and Storage of eDNA Samples

Sample preservation and storage of eDNA samples has been relatively standardized compared to other parts of the sampling pipeline, and these methods seem to follow the conventions established for DNA sampling by microbial ecologists despite the fact that eDNA targets a wider group of organisms (i.e., not just microbes). Yet variation in this step of the sampling pipeline exists, and it is important to remember that no amount of back-end bioinformatics can recover a sample that has been poorly collected, stored, or assayed (Murray et al., 2015). Bulk samples are typically preserved with 95% DNA-grade ethanol, and then transferred on dry ice to the lab where they are stored at −80°C (Jarman et al., 2018). While it is certainly wise to use the most conservative approach, this level of stringency might not be necessary for DNA metabarcoding of macroorganisms, as even samples stored at room temperature have been shown to yield adequate quantities of eDNA (Renshaw et al., 2015). Currently, a major research focus is to ascertain the effectiveness of preservation methods for eDNA recovery (Williams et al., 2016; Marquina et al., 2019; Robinson et al., 2020). While we underscore the importance of consistency in sample preservation for project development and recommend using the most conservative and common approach, as it will potentially facilitate inclusion of more citizen scientists and enable more cross-study comparisons, there may be instances or applications where this is not possible (e.g., recovering DNA from museum samples, sampling in remote locations, samples susceptible to degradation from a high microbial load), and these limitations should not preclude researchers from exploring the use of DNA metabarcoding for their particular application. Indeed, while we aspire toward consistency and standardization in preserving and processing eDNA samples, we must be cautious to generalize one sampling approach as superior to others, given the many different types of eDNA samples, preservation techniques, and confounding variables.



Consistent, Open-Source Bioinformatic Pipelines

As the advancement of genomic tools and other technologies facilitate rapid data generation, we will be confronted with the enormous task of dealing with this deluge of information (Hey and Trefethen, 2003; Bell et al., 2009). Thus, vital to advancements in next-generation biomonitoring will be concurrent advancements in computing and bioinformatics that will enable us to maximize the use of these rich genomic and biodiversity datasets. Recent sequencing technologies have enabled the generation of billions of short reads in a matter of days, and open-source bioinformatic tools for genomic data processing are maturing [e.g., DADA2: (Callahan et al., 2016); CutAdapt: (Martin, 2011); QIIME2: (Bolyen et al., 2019); Mothur: (Schloss et al., 2009)]; however, progress needs to be made in terms of data accessibility, data discoverability, and standards development, as advancement in these areas will likely emerge from the recent advent of consortia related to standards for genomics and associated data (Levy and Myers, 2016). Specifically, we need to develop quality control tools to test for and correct errors that inherently emerge from these bioinformatic approaches (Olson et al., 2019), as the scientific community currently has no systematic approach for developing, peer-reviewing, and publishing open-source tools that go into existing bioinformatic pipelines (Mangul et al., 2019). Archival and versioning of these tools and pipelines is also inconsistent, reducing their utility and widespread adoption. Collectively, these issues present great challenges in terms of data comparison between studies using different bioinformatic pipelines, different versions of a pipeline, or different pipeline parameters (e.g., filtering and mismatch thresholds), which themselves are often not documented in published literature or publicly available. Fortunately, practical models for improving the discoverability, usability, and archival of these tools and pipelines already exist for digital data archival, and tools for sharing, archiving, and simplifying this process already exist through open-source archival services (e.g., GitHub), package managers [e.g., Bioconda: (Grüning et al., 2018; Mangul et al., 2019)], or containers [e.g., Docker: (Merkel, 2014)].



Reference Databases

A key barrier to adoption of next generation bioassessment tools is incomplete reference databases. Databases like GenBank (Sayers et al., 2019), a general sequence data repository, and Barcode of Life Data Systems (BOLD) (Ratnasingham and Hebert, 2007), a taxonomically oriented sequence data repository, are some of the world's most widely used sequence databases for DNA metabarcoding analysis, yet their coverage is both incomplete and uneven, with extreme variation based on taxonomic group and geographic region (Porter and Hajibabaei, 2018b), as well as gene coverage [e.g., cytochrome c oxidase I (COI), 16S, 18S] (Meiklejohn et al., 2019). For example, taxa that have traditionally been used for bioassessment are generally well-represented in these databases, with COI sequence records for 61% of North American freshwater invertebrates (based on taxa in public databases) represented; specific taxonomic groups within invertebrates, however, range widely, with COI sequence records for 74% of mollusks but only 15% of Nematodes (Curry et al., 2018). In contrast, database coverage for marine species is less complete, with only 30% of operational taxonomic units having species-level matches at a 97% identity threshold (López-Escardó et al., 2018) and only half of the reads identifiable to even the phylum level (Bakker et al., 2019). Again, taxonomic coverage varies widely, with much better coverage for fish and marine mammals. The problem of database incompleteness is compounded by the fact that methods for assigning higher taxonomic levels to unknowns have traditionally been inaccurate (Koski and Golding, 2001), so better methods [e.g., Bayesian classifiers: (Porter and Hajibabaei, 2018a)] need to be developed that can assign some level of identification to unknowns when an exact match in the reference database is not available (Berger et al., 2011). Still, DNA metabarcoding represents a full step forward for rapid, accurate species detection and identification, and is especially useful in diverse systems including species with challenging taxonomies. Further, many ecological analyses (e.g., diversity analyses, ordinations) do not require taxonomic identities, and in these cases use of unique sequences, such as operational taxonomic units (OTUs) or amplicon sequence variants (ASVs), can be powerful tools for resolving environmental differences (Gibson et al., 2015; Cahill et al., 2018).



Dynamics of eDNA in the Environment

While the collection, extraction, and amplification of eDNA from the environment is relatively well-studied, the dynamics of eDNA in the environment are less well-known. This includes the abundance, persistence, and movement of eDNA within the environment, all of which are impacted by a variety of abiotic (e.g., temperature, sunlight, oxygen) (Pilliod et al., 2014; Eichmiller et al., 2016) and biotic factors (e.g., species richness, relative species biomass, individual behavior) (Freeland, 2017; Stoeckle et al., 2017; Hansen et al., 2018). This may be especially relevant in large, highly dynamic systems, such as the marine environment. While there is some evidence that DNA persistence varies across different environments (Barnes et al., 2014), most of the information on DNA shedding and decay rates (Sansom and Sassoubre, 2017) and movement of DNA (Shogren et al., 2017; Wood et al., 2020) comes from studies of freshwater systems, often using experimental mesocosms with a small number of species. As more research is done to reveal these dynamics, conclusions from metabarcoding studies will become more robust.




TECHNOLOGICAL AND SCIENTIFIC ADVANCES WILL USHER IN A NEW ERA OF WHOLE ECOSYSTEM ASSESSMENT

We foresee synergistic advancements arising from extracting and utilizing additional layers of information coded in DNA that will emerge as sequencing technologies advance, particularly as greater sequencing depth and genome coverage are achieved. Concurrent with efforts to overcome the limitations to widespread adoption of DNA metabarcoding and other environmental genomic tools, there are several promising technological and scientific advances that will facilitate a new era of near real-time, whole ecosystem assessment. These advances include those that are relatively easy and achievable in the short-term (e.g., advances in computing, methods refinement and standardization), those that will require more research and investment to develop (e.g., improved sequencing technologies, more sophisticated physical and ecological model development), and those that will require long-term, global, collaborative efforts that will revolutionize environmental genomics (e.g., autonomous robotics, genomic database development; Figure 3). Collectively, these technological and scientific advances will unlock novel possibilities for data exploration by merging DNA metabarcoding results with other genomic and ecological information, facilitating the exploration of (1) abundance quantification, (2) advanced physical and ecological modeling of eDNA and associated taxa, (3) exploration of phylogenetic patterns; (4) intraspecific genetic assessment of whole communities, enabling population genetics applications across a range of species; and (5) ecological network, food web, and functional gene analysis (Figure 3).


Abundance and Biomass Quantification

A primary criticism lodged against using genomic approaches for bioassessment is that the relative read abundances of sequenced DNA do not often correlate strongly with the abundance or biomass of species in the environment. Further, these patterns appear to be highly context dependent. For example, a recent meta-analysis of qPCR and ddPCR results showed that eDNA concentration is much more strongly correlated to abundance in controlled laboratory studies (82% of variation explained) compared to field experiments (57% of variation explained) (Yates et al., 2019). Another meta-analysis of single-species qPCR assays showed similar patterns, where there was a weak and highly variable correlation between biomass and eDNA sequences (global model: slope = −0.52 ± 0.34) (Lamb et al., 2019). Yet another recent study found excellent correlation (R2 = 0.79) between eDNA copy numbers and biomass from trawl catches in commercially important Atlantic cod (Salter et al., 2019). The reason for the high degree of variation in these relationships is not fully understood, though it could be due to taxon-specific affinities to different primers. For example, a DNA metabarcoding study using a mock community of aquatic macroinvertebrates found four orders of magnitude differences in sequence abundances of 52 taxa despite standardization of biomass prior to PCR amplification and sequencing (Elbrecht and Leese, 2015). These issues are compounded by the fact that different DNA metabarcoding primers and mixture templates can perform differently (Hajibabaei et al., 2019b). Further, different organisms have different copy numbers of mitochondrial DNA, chloroplast DNA, ribosomal RNA, and internal transcribed spacer genes, and there can even be variation in the copy number of some genes in tissues within the same organism (Guryev et al., 2008; Henrichsen et al., 2009). These complications could mean that individual assays need to be done for each taxa and primer combination in order to get reliable abundance estimates from eDNA sequence data, and even then individual taxa patterns are likely dependent both upon the choice of primers and the properties of the taxa mixtures (Piñol et al., 2019). Despite these challenges, quantification of abundance from eDNA samples remains one of the most desired and broadly applicable advancements that will emerge from the field of environmental genomics. We anticipate that promising results will emerge from hierarchical multispecies occupancy models, for example, which would allow—through replicated presence-absence data—calculation of occupancy probabilities that can reveal patterns of relative abundance. Further, more direct approaches could be undertaken in the lab, such as using internal standards or individual barcodes for each molecule in a PCR reaction. Both approaches would generate even larger datasets and require additional bioinformatic steps, and thus would be contingent upon other technological and scientific advancements (Figure 3).



Advanced Modeling to Improve Species Detection

While the genomic and technological advancements we have outlined up to this point will impact the field of biodiversity assessment broadly, advances in modeling will specifically help end-users, including regulators and resource managers who are commissioned with making use of the high-resolution biodiversity information emerging from next-generation biomonitoring approaches. As technological advances bring down the costs of sample and bioinformatic processing, more sophisticated community occupancy models will be able to make use of repeated samples in order to provide vital information about taxon-specific detection probabilities and inform practitioners about the sampling effort required to answer specific questions in specific systems, which will greatly enhance the efficiency of next-generation bioassessment compared to traditional bioassessment.

Currently, applied hierarchical modeling can be used to build occupancy models to address questions related to species' detection and abundance (Kery and Royle, 2015). However, studies utilizing DNA metabarcoding information are often limited in scope (i.e., limited environmental gradients), scale (i.e., the spatial extent of the study), or taxonomic coverage (i.e., covering only a single taxon or narrow taxonomic group) (Schmidt et al., 2013; Doi et al., 2019), and advancement will be made by expanding these models to include datasets covering broader ranges and along more gradients of environmental change, as well as incorporating variation from more of the steps along the biodiversity-generation pathway (i.e., from sample collection to sequencing and bioinformatics). For example, while current models have focused on detection in the context of sampling effort, more sophisticated Bayesian hierarchical models could be built to also include detection probabilities associated with different primers, sequencing depths, and other steps along the sampling-to-sequencing pathway (Doi et al., 2019), which would provide valuable information at all steps of the process, allowing next-generation bioassessment practitioners to better design experiments that more efficiently make use of resources (Lugg et al., 2018). Applying multi-species occupancy modeling to the large datasets generated from metabarcoding can reveal whole-community responses to environmental variables while accounting for variation in sampling and processing.



Phylogenetics

Greater sequencing depth and long-read applications (where DNA preservation allows) will enable construction of phylogenetic trees for entire communities, potentially leading to a new field of metaphylogeography research (Turon et al., 2020). Most efforts to combine DNA metabarcoding with phylogenetic reconstruction have been limited to targeted groups of known and closely related organisms (e.g., Andújar et al., 2015; Gómez-Rodríguez et al., 2015), but recent efforts have been made to assess intraspecific genetic diversity from communities in bulk metabarcoding samples (Elbrecht et al., 2018), and this diversity has been used to construct phylogenies from metabarcoding data in order to explore metaphylogeographic patterns (Turon et al., 2020). This approach is limited by current DNA metabarcoding methods that rely on short sequence read lengths (i.e., normally ~150–300 bases), leading to coarse and unresolved phylogenetic trees. In theory, this problem could be partially overcome by using multiple primers covering multiple loci, but there is currently no way of determining which sequences come from the same organism across markers, and thus bioinformatic developments are required to provide ways of merging metabarcoding data across multiple primers. However, with much greater sequencing capacity afforded by state-of-the-art platforms, some of these limitations can be quickly overcome, as more of the genome can be covered. Combining DNA metabarcoding with shotgun sequencing [e.g., mitochondrial metagenomics: (Crampton-Platt et al., 2016)] and taking advantage of greater sequencing depths will further resolve the problems associated with short read lengths, but assembly problems will remain, especially for poorly studied or closely related species, as well as rare or under-represented taxa. Since these trees will likely be difficult to create for all taxa at the species level (i.e., because metabarcoding markers are from a limited number of linkage groups), this approach may not be able to resolve phylogenies of closely related taxa or address community assembly patterns, which require an understanding of species' evolutionary histories (Cavender-Bares et al., 2009). Constructing metaphylogenies from DNA metabarcoding data will nevertheless lead to exciting possibilities for advancing biodiversity research, allowing practitioners to address an array of questions ranging from basic (e.g., biogeography, connectivity, dispersal) to applied (e.g., conservation genetics, invasion genetics, determining protected areas) research (Turon et al., 2020), and improving the current standards of biodiversity assessment by allowing for a more holistic exploration of rare or unknown taxa in hyper-diverse, poorly studied ecosystems (Papadopoulou et al., 2015).



Population Genetics

Modern next-generation platforms are so highly parallelized that genome coverage for each taxon in the sample allows for assessment of intraspecific genetic variation, enabling researchers to address questions about population genetics from eDNA (Sigsgaard et al., 2016; Parsons et al., 2018; Marshall and Stepien, 2019). While most population genetic approaches now use thousands of single nucleotide polymorphisms (SNPs) (Adams et al., 2019), recent application of ancient bulk bone DNA metabarcoding has successfully characterized mitochondrial DNA haplotypes of extinct lineages of frogs and birds (Seersholm et al., 2018). Since eDNA sampling is non-invasive and easier than directly sampling tissue from organisms, population genetics applications can potentially be done on much larger scales. While assessment of intraspecific variation of the entire community assemblage of a sample has been limited to a couple case studies (Elbrecht et al., 2018; Turon et al., 2020), this would revolutionize bioassessment, as the benefits of getting population genetic data from environmental samples are numerous (e.g., conservation genetics, invasion biology, protecting endangered species) and have diverse applications affecting many stakeholder groups and environmental disciplines (Figure 3).

Currently, population genetics has been mostly limited by primer development for target organisms, focusing on no more than a few taxa at a time to answer very specific questions related to these species. Improved read quality afforded by state-of-the-art sequencers (e.g., Illumina NovaSeq), however, will rapidly improve the quality and coverage of the genome of all taxa recovered from DNA metabarcoding, further advancing this environmental genomic application. Additionally, mitochondrial metagenomic approaches that combine shotgun sequencing and DNA metabarcoding will allow for read mapping that may provide the quantitative information on intraspecific genetic variation needed to assess population genetic structure (Crampton-Platt et al., 2016); combining these approaches [sensu (Elbrecht et al., 2018)] would then make it possible to assess the genetic structure of any taxon of interest in the community, or even ask larger questions about the entire metacommunity.



Food Webs and Functional Genes: Connecting Biostructure to Ecosystem Function

Recently, interest in utilizing the rich biodiversity data from DNA metabarcoding for ecological network analysis has surged. These tools promise to provide rapid assessment of structural attributes of a system (Bohan et al., 2017). In their simplest form, networks created from DNA metabarcoding taxonomic lists are co-occurrence networks, and like any co-occurrence network they do not measure actual connections among species; rather, they depict the possible set of interacting species in graphical form. Co-occurrence networks can be refined through filtering based on mathematical rules [e.g., probability of interaction (Morales-Castilla et al., 2015)], known phylogenetic relationships (Morales-Castilla et al., 2015), or trait matching (Compson et al., 2018, 2019). By automating construction of networks and food webs, they can be linked to large biomonitoring datasets, providing new opportunities for complex, diagnostic development that will hopefully be more targeted and predictive than traditional bioindicators (Makiola et al., 2020) and, because networks provide taxa-free biodiversity estimates, will provide the potential for global indicator development [e.g., Essential Biodiversity Variables (Kissling et al., 2018)]. Furthermore, synergistic advancements will arise from merging occupancy modeling and machine learning approaches to create more robust ecological networks. For example, hierarchical models could incorporate relative read abundance information, and outputs from these models could be integrated into ecological networks and heuristic food webs to estimate interaction strengths and calculate probabilities of interaction [sensu (Vázquez et al., 2007; Morales-Castilla et al., 2015)], which will make these models immediately more quantitative. As more data are generated that capitalize on these approaches, there will also be increasing volumes of high-quality information to feed into machine learning algorithms, leading to more predictive modeling of diverse ecosystems and an unprecedented opportunity for practitioners to anticipate change and prevent ecosystem impairment in real time.

Enhanced sequencing depth from newer next-generation, deep-sequencing platforms will also allow for the exploration of functional genes associated with environmental samples (Carradec et al., 2018), facilitating exciting new applications for connecting aspects of biostructure with measures of ecosystem function. Until recently, research into functional genes in eukaryotes has been restricted to laborious efforts to document taxon-specific functions for addressing a narrow range of questions across a limited spectrum of environmental conditions. In much the same way that deep sequencing will provide taxon-specific genetic variation associated with all the organisms in a sample, this approach will enable rapid assessment of biodiversity and associated functions in a sample, giving ecologists the power to address metacommunity questions at unprecedented spatial and temporal scales. Currently, functional gene analysis can be performed in two ways. First, bioinformatic software packages can be used to query databases of reference genomes to link known taxa to their functions. In these cases, marker gene analysis is first done to identify taxa, which are then matched to reference databases of taxa genomes. For example, machine learning has been leveraged to link genus-level predictions of function in microbial communities using Phylogenetic Investigation of Communities by Reconstruction of Unobserved States [PICRUSt: (Langille et al., 2013)]. While this approach is limited to inferential assessments of function, pattern exploration, and hypothesis generation (Douglas et al., 2018), advances in machine learning, coupled with more data to feed into machine learning algorithms (Jordan and Mitchell, 2015), will improve this type of approach moving forward. A second method of functional gene analysis involves shotgun sequencing of functional genes directly from samples and then linking these sequenced genes to annotated functional gene databases. While this approach does not involve marker gene analysis to identify taxa, DNA metabarcoding can be done to supplement shotgun sequencing results, but this approach will not create a direct linkage between specific taxa and the functions they perform. Currently, efforts are being made to expand and annotate functional gene databases [e.g., the Kyoto Encyclopedia of Genes and Genomes (KEGG), https://www.genome.jp/kegg/], which facilitate the mapping of genes to functions across a wide-range of biodiversity, bringing incredible added value to projects that leverage the greater sequencing depth afforded by newer sequencing platforms. As machine learning is adopted for advanced data discovery applications (e.g., Gonzalez et al., 2016; Liu et al., 2016), these tools will help to rapidly improve both functional and trait databases.

Collectively, these advancements will equip resource managers with powerful bioassessment tools for rapid, whole ecosystem assessments, as functional profiles can have much greater discriminatory power compared to taxonomic profiles, especially in cases where taxonomic profiles are highly variable (Turnbaugh et al., 2009; Huttenhower et al., 2012; Xu et al., 2014). Further, these advances will facilitate bioindicator development (Makiola et al., 2020), as tools capitalizing on the biostructure in a system—such ecological networks and heuristic food webs—can potentially provide higher resolution information that is more sensitive to environmental change and has a much wider breadth of application [e.g., estimating trophic position of heuristic food web members: (Compson et al., 2019)]. Finally, by linking DNA-based food webs to functional gene assessments, it will be possible to relate community and food web structure to ecosystem function at unprecedented spatial and temporal scales, enabling scientists to test global hypotheses arising from metacommunity theory (Leibold and Chase, 2017).




OUTLOOK: THE FUTURE IS NOW

DNA metabarcoding generates whole-community biodiversity data rapidly from relatively easy to collect and non-invasive samples. With advances in laboratory processing, sequencing technologies, bioinformatic processing, and analytical methods, the amount of data that can be recovered from a sample is huge and applications of the resulting data are widespread and transformative (Figure 3). While some limitations to DNA metabarcoding remain, we have highlighted some of the efforts to refine and enhance this approach, and extremely useful, high-resolution biodiversity data can be generated right now. Furthermore, due to the nature of these methods, in the future raw sequence data can be re-analyzed with improved bioinformatic pipelines and reference databases, and archived DNA extracts can be re-analyzed, providing us with a way of storing a snap-shot in time of biodiversity data that could become important—and extremely rare (Downs et al., 2011)—baseline data for future bioassessment work. The applications of metabarcoding are diverse and can serve a range of users, from those interested in assessment of targeted taxa to those interested in total biodiversity assessment, from microbes to mammals. With concurrent technological (i.e., improved computing and sequencing platforms; robotics and automation) and scientific advances (i.e., refined methods and modeling approaches; improved genomic, trait, and functional databases), exciting possibilities for extracting even more information from environmental sequences will usher in a new era of bioassessment, where quantifying community abundance and occupancy, exploring population genetic and phylogenetic relationships, and linking whole-system biostructure with measurements of ecosystem function will not only be possible, but become routine, transforming the speed and depth with which we can explore, model, predict—and therefore protect—global ecosystems.
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