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Abstract 
The use of environmental DNA (eDNA) technology for environmental monitoring is rapidly 
expanding, with applications for fisheries, coral reefs, harmful algal blooms, invasive and 
endangered species, and biodiversity monitoring. By enabling detection of species over space 
and time, eDNA fulfills a fundamental need of environmental surveys. Traditional surveys are 
expensive, require significant capital expenditure, and can be destructive; eDNA offers promise 
for cheaper, less invasive, and higher-resolution (i.e. genetic) assessments of environments and 
stocks. However, challenges in quantification, detection limits, biobanking capacity, reference 
databases, and data management and integration remain significant hurdles to efficient eDNA 
monitoring at global and decadal scale. Here, we consider the current state of eDNA technology 
and its suitability for the problems for which it is being used. We explore the current best 
practices, the logistical and social challenges that prevent eDNA from widespread adoption and 
benefit, and the emerging technologies that may address those challenges. 

Abstract Figure Legend: Processing steps in eDNA analysis from water collection to DNA 
sequence analysis. 
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Introduction 
Environmental DNA (eDNA) is the DNA of whole or partial organisms, organismal traces (e.g. 
skin, mucus, and feces), or microbes in an environmental sample. Broadly defined, marine 
eDNA includes DNA from marine microbiomes, plankton, and traces of marine animals (the 
latter being an alternate, more narrow definition of eDNA). The power of eDNA comes from the 
ability to detect both microorganisms (often as whole cells) and macroorganisms (often as 
fragments of organisms or free DNA) from the nucleic acids they contain or leave behind. 
Analysis of eDNA enables detection of essentially any organism via trace DNA evidence, 
assessment of the relative or absolute abundance of particular groups, and precise taxonomic 
assignment using DNA sequences. 

The techniques used in eDNA monitoring (Fig. 1) represent a powerful toolkit for marine 
biomonitoring and biosurveillance and include shotgun metagenomics (sequencing of all DNA in 
short fragments), metabarcoding (sequencing a selected gene fragment from a group of 
organisms such as all fish or bacteria), and quantitative PCR (quantifying copies of a selected 
gene fragment using PCR and fluorescence). For microorganisms having small-to-moderately 
sized genomes (less than ~10 Mbp), assembly of metagenomic reads can yield whole genomes 
that reveal functional potential [1–4]. For animals as well as microorganisms, metabarcoding 
can reveal the presence (or absence), and in some cases relative abundance, of species in a 
water sample [5,6], and qPCR is able in some cases to quantify the number of individuals 
present or recently present in a given volume of water [7,8]. 

The applications of eDNA technology in marine research and management are myriad and are 
summarized only briefly here, with a focus on those that may benefit from technological 
innovations. Marine microbiology was one of the earliest applications of eDNA metabarcoding 
(amplicon sequencing), for example, the use of the small subunit ribosomal RNA gene since the 
early 1990s to profile marine communities and identify novel bacterial groups [9]. Shotgun 
sequencing of marine eDNA has allowed genome assembly of uncultured groups [2,10] and a 
description of global ocean diversity patterns [11]. Metabarcoding has expanded to include 
multiple loci, targeting all major extant lineages [12–14] and leveraging high-throughput 
sequencing to generate millions of reads per community [15]. Analyzing multiple major 
taxonomic groups is possible from a single eDNA sample, which has great value for 
environmental and biodiversity monitoring [16,17], but one of the challenges is how to analyze 
multiple datasets together. Metabarcoding of multiple loci gives separate relative abundance 
profiles of each group that must be reconciled, whereas shotgun metagenomics gives 
information about the community as a whole but can miss low-abundance groups and presents 
challenges in taxonomic classification. 

For marine monitoring, another obstacle is how to adequately sample the vast ocean and do so 
regularly enough to monitor global change [18]. Collective sampling and analysis by multiple 
teams provides a solution (Box 1) but creates new challenges in harmonization of methods 
across many groups’ sampling and in data sharing and management. Detection of animals, 
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such as invasive or endangered species, marine mammals, and fish populations [5,19], is a 
powerful use of eDNA technology but brings additional difficulties in detection limits (low DNA 
concentrations), fragmentation of DNA (harder to amplify, requiring shorter amplicons with less 
resolution), and DNA half-life considerations (how long ago was the organism present) [20]. 
Coral reef monitoring [21–23] and other localized monitoring require consideration of water 
currents moving DNA away from where it was released and linking of DNA detection to 
ecosystem status. 

The legacy of eDNA sequence data is one of its biggest advantages: DNA sequences are 
information-rich and represent a genetic snapshot in time that has enduring value beyond a 
single study. Proper management of the sequence data and associated metadata enables value 
to be extracted after the original survey is completed [4,24,25]. Emphasizing the value of this 
approach, in genomics research of higher organisms, a new field called ‘macrogenetics’ has 
sprung up that leverages thousands of publicly accessible genomes to infer patterns of genetic 
variation [26]. qPCR data, as PCR cycle numbers rather than DNA sequences, do not endure in 
the same way as the other technologies, but they can provide critical quantitative information to 
environmental surveys, adding to the qualitative information of sequence data [7,27,28]. 

Several analytical and data interoperability challenges prevent eDNA from being adopted for 
biological characterization at a global scale, and they occur at each stage of the analysis 
workflow (Table 1, Figure 2). These include low biomass in the environment, especially in 
oligotrophic waters; limited sample collection, storage, and preservation capacity; scalability to 
analyze large numbers of samples in the laboratory and with current analytical tools; costs 
associated with sample processing and analyst time; and limited availability of genetic reference 
data for the diverse species present in marine environments. New approaches addressing these 
issues continue to emerge rapidly and are increasingly enabling new capabilities including 
autonomous sampling, efficient sample processing, and improved data analysis and metadata 
integration (Box 2). 

Sample collection and biobanking 
Collection of marine eDNA via filtration or precipitation is a simple process, but the way it is 
done has important implications for its analysis and enduring value. Several reviews have 
covered best practices for sampling and collection [29–31]. Here, we focus on critical or 
emerging aspects of eDNA collection, including the biobanking of collected material, the 
concurrent collection of environmental data and sampling metadata, and use of autonomous 
systems. 

DNA is nature’s digital information storage medium. It is copied in high fidelity as organisms 
reproduce, enabling inference of evolutionary history from small genetic changes accumulated 
and inherited over many generations. In addition to processing and sequencing eDNA samples 
for present-day analyses, there is value in storing physical biomass and purified DNA from the 
environment. Proactive collection and storage of eDNA samples (i.e. biobanking) for future use 
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would enable retrospective analysis of biodiversity as analysis technologies advance. Growing 
interest in DNA for data storage and recovery in nonnatural systems attests to these concepts 
[32,33]. In considering biobanking strategies, there are advantages and disadvantages to both 
unprocessed samples (allow for future DNA extraction technologies but are bulkier and typically 
require ultracold storage) and purified DNA (less bulky and more stable, but some DNA may 
have been fragmented or poorly extracted). The success of biobanking will depend on 
committed institutions with resources to store and archive both raw samples and purified DNA, 
including high-fidelity sample and metadata tracking, compliance reporting, and communication 
among interested parties. Minimal variables to report include the precise location and time of 
sampling, volume of water collected, method of filtration (e.g. filter type and pore size), time 
from collection to preservation and/or filtration, how samples were stored (e.g. preservatives, 
temperature), and (later) methods of DNA extraction. 

In addition to standard eDNA sample collection methods, uncrewed or automated system 
demonstrations have recently shown promise for collection from challenging-to-access 
environments such as the deep ocean [28,34,35]. While early moored in situ capabilities 
integrated quantitative PCR and microarray technologies [36], new autonomous collection 
platforms are currently limited to collection and preservation. Development of a next-generation 
autonomous in situ eDNA analysis capability (e.g. extraction, sequencing, and/or quantification) 
would greatly accelerate data availability by generating data at the point of collection, rather 
than in dedicated laboratories. Such platforms would require seaworthy micro- or millifluidic 
preparation methods, along with embedded data analysis and efficient data distribution 
capabilities, to fully realize eDNA assessment potential. Such an analysis capability would 
enable future platforms to operate similarly to Argo floats over extended periods of time to 
directly describe biological communities, expanding the concept of biogeochemical Argo (BGC-
Argo) floats that are currently deployed and collecting physical, chemical, and bio-optical 
oceanographic data throughout the global ocean [37]. 

DNA extraction and sequencing 
Extracting eDNA from a filtered sample requires chemical, enzymatic, and/or physical disruption 
of biological material to release DNA followed by extraction and purification. Owing to the low 
biomass of many species’ DNA in marine samples, this DNA is both precious and prone to 
contamination. Most laboratories establish precautions for eDNA sample handling and DNA 
extraction to prevent misinterpretation of results due to laboratory contamination. These 
practices include sterile technique, one-way flow of samples in the lab to separate pre- and 
post-PCR activities, and physical isolation of samples throughout the analysis process to 
prevent cross-contamination. As an extreme example of the utility of careful lab practices, 
ancient eDNA samples have been used to identify entire ecosystems from ancient DNA in 
Greenland [38]. 

Analysis of eDNA at the point of collection offers opportunities for rapid data acquisition and 
cost reduction but will require newer, simpler technologies to be widely and reproducibly 
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deployed. Early examples of these analysis capabilities include qPCR approaches [39], linear 
amplification, and shipboard eDNA metabarcoding using nanopore sequencing [40]. Future 
platforms for complete process automation, from collection to end-point analysis, would 
drastically reduce the hands-on requirements for eDNA analysis while enabling a new data 
stream for environmental managers. 

Data analysis, management, and integration 
A given eDNA project may generate tens to hundreds of gigabytes of DNA sequence data, a 
trove of information that requires careful curation for maximal utility. To get from sequence data 
to actionable knowledge, the data must be transferred to a computing resource, undergo 
primary processing (e.g. calling of amplicon sequence variants in the case of metabarcoding), 
undergo secondary processing (statistical analysis and data visualization), and then be 
deposited and integrated into portals of larger datasets. Challenges for eDNA data include 
computational and human time demands to analyze large DNA sequence datasets, incomplete 
reference databases, the need to standardize, and ensure data are shared and reusable, which 
will facilitate interoperability and integration for maximal benefit. Proper management of data 
can improve both the efficiency of individual data analyses and the integration of multiple and 
diverse datasets. 

Rapid bioinformatics analysis of eDNA sequence data is being enabled by multiple emerging 
bioinformatics technologies. Algorithmic improvements, including the use of artificial intelligence 
and machine learning (AI/ML), are increasingly being explored for DNA sequence data [41]. 
Cloud computing is facilitating these additional processing capabilities (e.g. multiple CPUs and 
GPUs), and cloud storage is enabling greater access to data on multiple platforms in addition to 
critical storage and backup capacity, facilitated by command-line tools (e.g. rclone) to transfer 
data between cloud servers and HPC resources. Bespoke analyses (setting up each new 
analysis from scratch) are inefficient and are increasingly being replaced by bioinformatics 
workflows. Workflows using standard tools (e.g. Nextflow, Snakemake) allow analyses that are 
more rapid, iterable, and tractable [42–46]. Containers (e.g. Docker, Singularity) allow workflows 
to be run on multiple computing environments [45]. Workflows for metabarcoding are numerous 
[47,48] and hold great potential for metagenomics and statistical analysis and data visualization. 

Reference databases for eDNA data are critical to assign sequences to taxa, both in 
metabarcoding [49,50] and metagenomic studies [51,52]. A significant fraction of marine 
organisms (whole microbial genomes and protist/metazoan mitochondrial genomes) are missing 
from reference databases or are incorrectly annotated. Sequencing more reference specimens 
is ongoing for both microbes and higher organisms [53]. However, parallel avenues of inquiry 
where reference databases are not explicitly required are also being used. In metabarcoding, 
sequences were once clustered into operational taxonomic units (OTUs) in a bespoke manner, 
such that taxonomic assignments were linked to the particular OTU assignments of a study. 
Newer methods of denoising (removing errors from) sequences are commonly used now 
[54,55], generating ASVs that are comparable across studies [24]. This means that sequences 
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can be analyzed without assigning each sequence to a reference, which can be added later 
when available. Various sequence-based analyses can also be performed without the need for 
taxonomic assignment. ASV software requires continued development to maintain its utility on 
newer sequencing platforms. 

Standardization of data formats is a critical priority to ensure eDNA data are findable, 
accessible, interoperable, and reusable (Box 2). In many cases, sample-associated metadata 
are often incomplete or formatted differently depending on the data type or the persons who 
generated it, hindering large-scale meta-analysis. For example, latitude and longitude may be 
reported in degrees/minutes/seconds (human-readable) rather than decimal degrees (machine-
readable). The use of data standards such as those from the International Organization for 
Standardization (ISO) and the GSC provides a way to standardize data to make it interoperable. 
In cases where data standards do not cover all variables or use cases or there are multiple 
competing standards, there is a need to expand and harmonize standards. Institutional 
repositories for environmental and DNA sequence data, described next, are in a position to 
enforce community standards such as those from ISO and GSC. 

Sharing of eDNA data and environmental metadata (Box 1) is critical to enable researchers to 
leverage collective data and advance the field, but too often, data are not deposited into 
repositories in a timely fashion, are not well-documented, and associated environmental 
metadata are poorly described or not linked or provided. Repositories for sequence data 
(National Center for Biotechnology Information, NCBI), biodiversity data (Ocean Biodiversity 
Information System, OBIS, https://obis.org/), and environmental data (National Center for 
Environmental Information) need to be fully embraced and used by the community. To ensure 
data are uploaded in a timely fashion, funding agencies may put timelines on when data should 
be submitted to repositories. To ensure links between different datasets from the same project, 
persistent identifiers such as DOIs (digital object identifiers) should be used and cross-linked. 
Processed data can in principle be deposited to sequence-focused databases (e.g. taxa 
observation tables to NCBI) and biodiversity-focused repositories (e.g. species observation 
records to OBIS); continuing to develop and use guidance for these resources [56] will be 
important to improve the archiving of these important data. Finally, finding datasets relevant to a 
given question—even if they have been properly formatted and deposited—is often difficult. 
Metadata need to be complete to enable users to search by region (e.g. latitude, longitude), 
data type (metabarcoding, metagenomic, etc.), generating institution, sequences or taxa 
present, and environmental or other metadata. 

Integration of eDNA data with other types of marine data, facilitated through data sharing, is 
critical because a single type of eDNA data (e.g. metabarcoding data for a given genetic locus) 
tells us only about the presence/absence or relative abundance of marine taxa captured by that 
method. By combining multiple data types, including both additional eDNA data (e.g. other 
metabarcoding loci or whole-genome shotgun data) and other forms of biological and 
environmental data, a much richer picture can emerge that allows more synergistic and holistic 
ecosystem understanding, including the development of predictive ocean biodiversity models. 
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Data types that may enrich marine eDNA data include bio-optical, pigment, chemical (e.g. 
nutrients), physical (e.g, temperature, salinity), acoustic, and satellite data [57]. For example, 
eDNA can tell us which species are/were present in a small number of discrete samples within a 
water mass, while acoustics can tell us how much biomass is present in the water mass as a 
whole, with multiple depths and size classes, and these two data types can be combined to 
obtain a much richer perspective on fish populations. Given that marine data take many forms— 
DNA sequences but also qPCR cycle numbers, images, diversity metrics, and various tabular 
formats—converting or summarizing data into a tabular format (e.g. tab-separated or comma-
separated values) is a solution that enables diverse data types to be analyzed via a single data 
analysis platform (e.g. R or Python/Pandas). This requires decisions about how best to distill 
complex data into scalar, categorical, or boolean data that lends itself to the tabular format. With 
sufficient sampling density, frequency, and detail, something akin to ‘genomic weather maps’ is 
possible. For example, efforts such as Bio-GO-SHIP [57] are discovering global biogeographic 
patterns (e.g. of nutrient limitation) using metagenomic sequencing [58,59]. 

Conclusions 
The use of eDNA technology in marine systems is rapidly expanding. For this technology to 
have broad utility as a tool for marine biological surveillance at a global scale, practices at each 
step of the eDNA workflow need to be better standardized, automated, and managed. Equally 
important, eDNA’s technology development needs to be informed by its ecological 
applications—the practical work necessary to track fine- and broad-scale biological change. 
Wider development and use of standards for sampling, sequencing, analysis, and data 
formatting will enable the global and decadal scales of Earth’s changes to be detectable and 
potentially predictable. Bioinformatics workflows, supported by containers and cloud resources, 
will accelerate data analysis, and proper data management will allow both data and results to 
give life to studies beyond initial publications. Finally, we encourage the biobanking of both raw 
environmental samples and purified DNA, which will enable future extraction and DNA 
sequencing methods to reveal even further the deep biological information stored in nature’s 
information storage molecule. 
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Figures, Tables, Boxes 
Figure 1. Marine eDNA may consist of organismal tissues and waste, whole intact cells, broken 
or decaying cells, and free nucleic acids. Total DNA is extracted to yield purified DNA, which 
can then be subjected to molecular analyses. qPCR uses species-specific primers (e.g. goliath 
grouper) and amplification cycle thresholds to quantify the abundance of individual taxa. 
Metabarcoding uses amplification with group-specific primers (e.g. bacteria, fish) and 
sequencing by synthesis (SBS) to profile whole communities of organisms. Shotgun 
metagenomics uses SBS or other next-generation sequencing technologies to sequence pieces 
of all of the DNA in a sample, providing either community profiles or assembled genomes. 

Figure 2. Processing steps in eDNA analysis from water collection to DNA sequence analysis. 
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Table 1. Processing steps in eDNA analysis from water collection to DNA sequence analysis. At 
each stage of the workflow are listed the best practices currently in use, logistical challenges, 
and emerging technologies that are being developed. We highlight major technical focus areas 
that need to be addressed for widespread adoption of eDNA as a basic research or 
biomonitoring toolset. 

Sample
Collection 

Biomaterial 
Filtration & 
Biobanking 

eDNA 
Extraction 

Sequencing 
Preparation 

DNA Sequencing Data Analysis 

Current Best ● Niskin/CTD ● Disc/cartridge ● Ultraclean lab ● Metabarcoding of ● 2G platforms ● Independent 
Practices sampling at sea 

● Hand sampling 
● Environmental 

data and 
metadata 
collection 

filters 
● No size 

fractionation 
● Ultracold storage 

or preservative 

practices 
● One-way flow of 

samples 
● Separation of 

pre-PCR from 
PCR/post-PCR 

multiple loci 
● Whole-genome 

shotgun 
metagenomics 

● qPCR 
● Library QA/QC 

(SBS, ion 
semiconductor 
sequencing) 

● Multiplexing of 
100s of samples 

tools (aligners, 
classifiers) 

● End-to-end 
pipelines (open 
source) 

Logistical ● Low biomass in ● Collection capacity ● Processing cost ● Processing cost ● Processing cost ● Analyst time 
Challenges the environment 

● DNA dilution 
and degradation 

● Spatial/temporal 
coverage limits 

● Storage capacity ● Processing time 
● Contamination 

risk 

● Processing time ● Incomplete 
genome 
assemblies 

● Reference 
databases 

● Slow adoption 
of metadata 
standards 

Emerging ● Autonomous ● In situ preservation ● Robotic DNA ● Automated ● 3G platforms ● AI-driven 
Technologies systems 

● Passive capture 
● Ships of 

opportunity 

● Biobanking extraction 
● Shipboard 

extraction 

platforms 
● Microfluidic 

devices 
● Digital droplet PCR 

(nanopore 
sequencing, 
sequencing by 
binding) 

● Improvements to 
2G and 3G 
platforms 

analysis 
● Reference-free 

methods 
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Box 1. Collaboration 

Coordination among organizations both nationally and internationally is critical to increasing 
efficiency and interoperability. While eDNA biomonitoring has been assessed as an inexpensive 
alternative to traditional survey approaches, the cost of sample collection, processing, and data 
analysis is unlikely to be translated into large-scale observational capabilities without motivating 
coordination within the resource management and research community. A problem is that each 
group has its own method of DNA collection, DNA extraction, sequencing, analysis, and 
metadata curation. Groups talk only occasionally, and they have different languages and 
vocabularies. As a result, data are minimally comparable. 

Improved standardization of eDNA methods and interoperability of eDNA data can come 
through improved communication. It is unrealistic to expect every group to use the same 
methods for each stage of the process. A more reasonable approach is for groups to be 
transparent and communicate their methods frequently and in detail, through in-person and 
virtual meetings and rapid and clear publication of methods and practices. This is likely to lead 
to convergence of methodologies and development of best practices. Collaboration will be 
critical to supporting large, global efforts that could not be undertaken by a single research 
group or institution and to creating the standards that will enable researchers to integrate eDNA 
data from across the global ocean. 

International organizations have formed around the goal of sharing and standardizing marine 
data, practices, and eDNA monitoring efforts. For ocean biodiversity data, the Ocean 
Biogeographic Information System (OBIS) has paved the way for large-scale data aggregation 
and dissemination and offers invaluable insight into next-generation systems [60]. OBIS is an 
ocean-focused participant in the Global Biodiversity Information Facility (GBIF, 
https://www.gbif.org/), uses the DarwinCore (DwC) standard for recording species observation 
events, and a guide now exists for publishing sequence-derived data there [56]. For practices, 
the Ocean Best Practices System [61], Earth System Information Practices, National 
Microbiome Data Collaborative, and Genomic Standards Consortium (GSC) are notable 
organizations bringing researchers together globally to develop standard methods. Monitoring 
efforts are being organized by Marine Life 2030 and the UN Decade of Ocean Sciences, the 
Atlantic Ocean Research Alliance, AtlanECO, the Tara Oceans Foundation, the Marine 
Biodiversity Observation Network, and the Ocean Biomolecular Observing Network. As an 
example of governmental coordination efforts, US Government agencies are coordinating to 
expand global-scale forensics and biosurveillance efforts, including monitoring of invasive 
species (US Geological Survey), bioterrorism (Department of Homeland Security), food security 
(US Department of Agriculture), port security (US Coast Guard), and climate change (National 
Oceanic and Atmospheric Administration). 
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Box 2. Accessibility 

DNA sequencing remains a highly technical process, with significant capital investments 
required to outfit traditional laboratories with equipment and skilled personnel. Additionally, 
consumables and reagents used for eDNA extraction are a significant proportion of overall 
sample analysis costs; future platforms that enable laboratory process automation and 
miniaturization are likely to decrease personnel and material costs while providing time savings 
and expedited data availability. We envision autonomous collection systems that would 
integrate many steps of eDNA collection, archiving, and analyses to reduce the need for 
laboratory-based sample processing, shifting reliance from traditional laboratory facilities to 
equipment near the point of collection. 

Analysis of eDNA data requires significant computational skill, especially as data volumes 
increase with adoption of newer DNA sequencing platforms. Future data meta-analysis efforts 
will benefit as methods for data generation and metadata recording are standardized, and these 
data are likely to increase the value of samples and datasets for future biomonitoring efforts. To 
improve data standardization and integration, we recommend continued community 
development of well-defined standards and submission requirements; training resources (data 
management guides, workshops, online websites, and wikis) and education about the FAIR 
data principles (findable, accessible, interoperable, and reusable) [62]; and positive incentives, 
including community ratings for metadata and data quality and citable data digital object 
identifiers (DOIs). 

As environmental change accelerates in many parts of the world, attempts to expand eDNA 
biomonitoring in less developed or remote regions are likely to increase. The development of 
highly accessible methods is critical to the uptake of these technologies, especially in parts of 
the world that may be limited in their uptake of new technologies for ocean resource 
management due to cost or technical skill barriers [18]. 
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Annotated References 
Outstanding Interest 

● [24] (Callahan et al. 2017) – Why amplicon sequence variants (ASVs) are superior to 
operational taxonomic units (OTUs) in representing exact sequence diversity and 
enabling cross-study meta-analyses. 

● [6] (Djurhuus et al. 2020) – Demonstrates the application of multilocus amplicon 
sequencing, using metabarcoding of four loci to reveal seasonal patterns in Monterey 
Bay, California. 

● [31] (Patin and Goodwin 2022) – A comprehensive review of eDNA methods focused on 
collection and preservation of microbial and eukaryotic eDNA. 

Special Interest 

● [56] (Finstad et al. 2020) – Provides detailed guidelines for submitting DNA-derived 
occurrence data into GBIF or OBIS using the DarwinCore standard, including example 
field entries for metabarcoding and quantitative PCR data. 

● [53] (Hoban et al. 2022) – The genome skimming method described is an efficient 
method for reference marker gene sequencing and is now being deployed toward 
sequencing the mitochondrial genomes of all US marine fishes. 

● [60] (Klein et al. 2019) – OBIS is a critical component in marine biodiversity data sharing, 
and is increasingly capable of storing genetic observational data. 

● [26] (Leigh et al. 2021) – Highlights the history, challenges, and future potential of large-
scale genetic analysis for multi-cellular organisms (e.g. macrogenomics). 

● [29] (Minamoto et al. 2021) – An illustrated guide to eDNA collection methods from the 
Japanese eDNA Society. 

● [3] (Sanders et al. 2019) – Provides a low-cost and high-throughput method for 
metagenomic sequencing and assembly using a combination of long and short reads. 

● [62] (Thompson et al. 2020) – A guide to metadata and ontologies, which are critical for 
integrating large eDNA and microbiome datasets. 
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