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ADVANCING OCEAN 
BIOMOLECULAR 
OBSERVATORIES
Understanding and predicting ocean eco-
system changes, such as those caused by 
anthropogenic and climactic influences 
(Huntington et al., 2020), are central to the 
missions of both NOAA and the NOAA 
Pacific Marine Environmental Labora-
tory (PMEL). Over the past 50 years, such 
changes have been tracked in both the 
Arctic and the East Pacific Oceans through 
the PMEL Ecosystems & Fisheries-​
Oceanography Coordinated Investiga-
tions (EcoFOCI) and Ocean Carbon 
programs, respectively. These programs 
harness an array of moored instruments, 
CTD surveys, Biogeochemical-​Argo 
floats, and net tows in order to under-
stand ecosystem change (see Stabeno 
et al., 2023, and Feely et al., 2023, both in 
this issue). For the biological component 
of these observatories, traditional manual 
techniques are time intensive, expensive, 
and condition dependent. Thus, they are 
deployed in limited scope out of neces-
sity, often only focusing on key commer-
cial species, and are unable to provide a 
holistic view of ecosystem health and food 
web biodiversity. Over the past decade, 
the complexity of change in the ocean 
has been testing the capabilities of our 
ocean-observing platforms to capture and 
track ecosystem community dynamics. 

Therefore, there is an urgent need to scale 
ocean biodiversity monitoring efforts to 
better capture ecosystem responses to 
rapidly changing ocean conditions.

Recent advances in environmental 
DNA (eDNA) approaches, driven by the 
sequencing revolution, provide a pow-
erful new suite of biomolecular ocean 
observations to characterize marine bio-
diversity (Beng and Corlett, 2020). The 
ability to detect biota, from microbes to 
mammals, from a single liter of seawater 
provides a promising tool for scaling 
up monitoring efforts. In response, the 
NOAA ’Omics Working Group devel-
oped a cross-NOAA strategic plan for 
’omics (NOAA, 2021) that focuses on 
tool development (Goodwin et al., 2020) 
to advance and operationalize eDNA 
approaches for marine biodiversity obser-
vations in support of core NOAA mis-
sion objectives. This plan highlights the 
need to enhance eDNA metabarcoding 
approaches for surveying ecosystem bio-
diversity. Additionally, a national eDNA 
strategy is being developed to promote 
the coordination of eDNA use for man-
agement purposes across federal agencies 
(Kelly et al., 2023). Although tremendous 
advancements in eDNA metabarcod-
ing have been made since its first marine 
application (Karsenti et al., 2011), a suite 
of challenges must be surmounted to 
effectively deploy this tool.

CURRENT EFFORTS OF THE 
PMEL OCEAN MOLECULAR 
ECOLOGY GROUP
To assess and predict how rapidly chang-
ing ocean conditions influence marine 
ecosystems at scale, the Ocean Molecular 
Ecology (OME) group at PMEL pairs 
biomolecular observations with data 
from EcoFOCI, Carbon, and Earth-
Ocean Interaction observing platforms. 
Such ’omics monitoring efforts (Galaska 
et  al., 2023, in this issue) are important 
for establishing ecosystem baselines, pro-
viding holistic biodiversity monitoring 
needed to track and predict the effects 
of changing ocean conditions on species 
distribution, abundance, and food web 
dynamics. Metabarcoding, applied to 
both eDNA and traditional bulk plank-
ton tows, is a critical tool for this effort so 
that species assemblages can be charac-
terized through the sequencing of select 
marker genes from a mixed community 
of organisms. 

IMPROVING BIOMOLECULAR 
APPROACHES TO ADDRESS 
LIMITATIONS
Recently, substantial advancements have 
been made in biomolecular approaches 
to facilitate robust application of eDNA 
for marine biodiversity observation. 
Although eDNA metabarcoding pro-
vides tremendous promise for scaling 
up the spatial and temporal resolution 
of marine surveys, a suite of challenges 
needs to be addressed to ensure effective 
implementation.

Over the past decade, NOAA scien-
tists and others have led the development 
of quantitative eDNA metabarcoding 
frameworks, improving our ability to 
delineate signal from noise and gener-
ate robust abundance estimates needed to 
address key NOAA objectives like stock 
and ecosystem assessments (Shelton 
et al., 2023). Over the next decade, efforts 
are needed to improve such mechanistic 
frameworks by better characterizing both 
eDNA dynamics (i.e., fate, transport, and 
species-specific characteristics) and lab-
oratory biases (i.e.,  subsampling and 

ABSTRACT. The revolution and acceleration in DNA sequencing over the past 
three decades has driven the development of new biomolecular tools like environ-
mental DNA (eDNA) metabarcoding for characterizing marine biodiversity. In order 
to operationalize eDNA approaches for routine NOAA observatories, new bioinfor-
matic programs and improved organismal reference barcodes are needed to provide 
accurate and reliable biological data in a timely manner. To address these needs, we 
present Rapid Exploration and Visualization through an Automated Metabarcoding 
Pipeline (REVAMP), which provides streamlined end-to-end data processing from 
raw reads to data exploration, visualization, and hypothesis generation. One benefit 
of REVAMP is the ability to iteratively assess marker gene and reference database per-
formance. Here, we used a filtered reference database that only included sequences 
uploaded prior to specified date cutoffs from 1995 to 2022 to analyze changes in 
eDNA metabarcoding taxonomic assignments, revealing patterns of uneven improve-
ment in taxonomic assignment depth and accuracy across time, region, and marker 
sets. This work highlights the need for targeted reference sequencing efforts for key 
regional taxa and the importance of such efforts for improving eDNA biomonitoring 
approaches in the future.
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amplification efficiencies) to more accu-
rately and consistently derive abundance 
estimates (Rourke et al., 2021; Takahashi 
et  al., 2023). Further, given the effect of 
methodology on observed biodiversity, 
the NOAA ’Omics Strategic Plan (NOAA, 
2021) highlights the need to harmonize 
sampling and analysis processes to mit-
igate inter-lab variability and allow for 
integrated eDNA assessments. Ongoing 
intercalibration efforts, with data man-
agement guidelines including standards, 
will allow NOAA to leverage the unique 
spatial and temporal resolution of marine 
biodiversity assessments across line 
offices and ocean basins.

Critical to the efficacy of eDNA 
approaches is marker gene selection 

and curation of robust reference data-
bases, allowing for the accurate taxo-
nomic identification of species. Both of 
these challenges are inherently linked as 
primer design for target genes relies on 
available reference data. Over the past 
three decades, systematic efforts have 
developed and supported microbial refer-
ence databases, with the SILVA small sub-
unit rRNA 16S marker database currently 
representing over 510,000 unique taxa at 
99% sequence similarity (Glöckner et al., 
2017). In the past two decades, signif-
icant progress has been made with the 
sequencing of a wide diversity of meta-
zoan life (e.g.,  Census of Marine Life, 
Barcode of Life Database) and develop-
ment of a broad array of marker genes 
to identify target organisms (e.g., review 
by Takahashi et  al., 2023). However, 
extensive metazoan reference barcoding 
efforts have been deployed in only a few 

regions for a handful of marker genes, 
and are particularly biased to vertebrates 
(e.g., Bemis et al., 2023). Despite 243 mil-
lion sequences available in the National 
Center for Biotechnology Information 
(NCBI) nt (nucleotide) database cov-
ering ~273,000 metazoan species, only 
a small fraction of the total diversity 
of life is represented, and there is still a 
significant need to improve sequence 
databases through dedicated reference 
barcoding efforts.

REVAMP
Ensuring accurate and robust data pro-
cessing, analysis, and visualization of cap-
tured sequences is fundamental to opera-
tionalizing eDNA for ocean biomolecular 

observations. Given that disseminating 
’omics data in a timely manner is a pri-
mary goal of the NOAA ’Omics Strategic 
Plan (NOAA, 2021) and central to 
NOAA’s mission, the development of 
robust and accurate tools to streamline 
’omics data processing and visualization 
is integral for the routine deployment of 
eDNA approaches in ocean observatories. 
To relieve the data analysis bottleneck 
delaying data dissemination, there have 
been substantial efforts to streamline and 
standardize the bioinformatics methods 
for metabarcoding tools, with success-
ful pipelines developed (e.g., Tourmaline 
[Thompson et al., 2022], Anacapa [Curd 
et  al., 2019]). Although these tools have 
greatly improved sequence processing, 
there remains a need for bioinformatic 
pipelines to provide fully integrated data 
exploration, visualization, and hypothe-
sis generation capabilities. To address this 

challenge, we present Rapid Exploration 
and Visualization through an Automated 
Metabarcoding Pipeline (REVAMP), 
which provides streamlined end-to-
end data processing from raw sequenc-
ing data files (fastq format) to data visu-
alization. This pipeline rapidly explores 
and analyzes ecological patterns in meta
barcoding data in a reproducible and 
accurate manner. 

The REVAMP repository, with exten-
sive documentation and example files, can 
be found on GitHub: https://github.com/​
McAllister-​NOAA/​REVAMP. A detailed 
explanation of the REVAMP workflow has 
been provided with the REVAMP docu-
mentation (v.1.0.5 software release avail-
able at https://doi.org/​10.5281/zenodo.​

8195015). Briefly, the REVAMP work-
flow (Figure 1) recovers unique amplicon 
sequence variants (ASVs) by process-
ing raw reads through Cutadapt (Martin, 
2011) and DADA2 (Callahan et al., 2016). 
Taxonomy is then assigned based on the 
common ancestor of the best BLASTn hits 
in the NCBI nt database (Camacho et al., 
2009). Alternatively, REVAMP can inte-
grate the output of SILVAngs, which is 
highly effective for microbial assignments 
to a curated taxonomy (Glöckner et  al., 
2017). Data exploration and visualiza-
tion are an integral part of the REVAMP 
pipeline, as these play an important role 
in pattern observation and hypothesis 
generation for follow-up testing. Integral 
software for generating the figures pro-
duced by REVAMP include KRONA 
plots (Ondov et  al., 2011), phyloseq 
(McMurdie and Holmes, 2013), and 
vegan (Oksanen et al., 2020), among oth-

 “Ensuring accurate and robust data processing, analysis, and 

visualization of captured sequences is fundamental to operationalizing 

eDNA for ocean biomolecular observations.”

https://github.com/McAllister-NOAA/REVAMP
https://github.com/McAllister-NOAA/REVAMP
https://doi.org/10.5281/zenodo.8195015
https://doi.org/10.5281/zenodo.8195015
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ers (see GitHub repository).
We used REVAMP to conduct data 

analysis for the eDNA data set collected 
with EcoFOCI in Alaska and the Arctic 
(Galaska et  al., 2023, in this issue). 
This data set consisted of 84 samples 
sequenced for two markers, the univer-
sal 16S marker (Parada et al., 2016) and 
nuclear metazoan 18S marker (Machida 
and Knowlton, 2012) (median 51.5 k 
raw reads per marker per sample). The 
run with REVAMP took approximately 
3.5 hours on six processors with max-
imum 55 GB memory (for BLASTn 
against the full nt database); it generated 
985 hierarchically organized figures (plus 
legends) per marker of marine biodiver-
sity patterns in comparison to ocean con-

dition observations, allowing for rapid 
exploration of the data. Historically, this 
kind of extensive data exploration, using 
the same bioinformatics tools without 
an appropriate pipeline, can take two to 
three weeks. Thus, REVAMP has created 
a reproducible and rapid solution that 
can be ported to a cloud environment for 
ease of use and public access in the future.

ASSESSMENTS OF MARKER 
GENE CHOICE AND TAXONOMIC 
RESOLUTION OVER THE PAST 
30 YEARS OF SEQUENCING
Although REVAMP provides a criti-
cal tool for processing and analyzing 
metabarcoding data, the accuracy of tax-
onomic assignments made by this tool 

are a function of both how compre-
hensive reference databases are and the 
appropriateness of marker gene choice. 
Thus, improving reference databases and 
primer design will enhance our ability to 
resolve unique sequences (i.e.,  ASVs) to 
the species level. One way to assess how 
these affect eDNA and metabarcoding 
resolution and accuracy is to compare 
the change in the percentage of unique 
sequences that can be resolved to spe-
cies level or higher over time. To accom-
plish this, we analyzed data sets through 
REVAMP for three commonly used 
marker gene regions: Machida nuclear 
18S (Machida and Knowlton, 2012), 
MiFish universal teleost 12S (Miya et al., 
2015), and Kelly metazoan 16S (Kelly 
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et  al., 2016). Each data set was itera-
tively analyzed using cutoff dates spaced 
at six-month intervals from 1995 to 
2022, with taxonomic assignments made 
based on a modified reference database 
that only included sequences uploaded 
prior to that cutoff date (Figure 2; see 
https://github.com/​McAllister-​NOAA/​
BLAST_​date​Filtering). Accuracy was 
assessed at each time point based on 
whether or not the taxonomy matched 
the current (as of 12/2022) assignment 
for each ASV. Each panel took approx-
imately 18 hours of processing time 
using six processors.

Trends observed in Figure 2 are a 
function of reference database complete-
ness and resolution of a given marker set. 
The addition of novel reference species to 
the NCBI database is a primary driver of 
increasing power for species identifica-
tion (Gold et al., 2021; Keck et al., 2022). 
However, the addition of novel reference 
sequences can also lead to declines in spe-

cies-level resolution if a novel reference 
sequence is identical to a closely related 
species (Keck et al., 2022). The Machida 
18S marker (Figure 2a,b) and the MiFish 
12S marker (Figure 2c) exhibit improv-
ing species-level accuracy (purple line) 
from 1995 through 2019, suggesting that 
these markers continue to be improved 
as they gain more complete reference 
databases. In contrast, the effectiveness 
of the Kelly 16S marker has decreased 
since 2010, suggesting that this marker 
has a high degree of sequence similar-
ity across species and that reference data-
base building efforts will not improve its 
efficacy (Figure 2d).

When considering the regional impact 
of reference sequencing efforts, we com-
pared the Machida 18S marker between 
the temperate Pacific and Arctic data sets. 
Over time, this marker performed com-
parably between these regions, suggest-
ing that reference barcoding efforts have 
been similarly effective in both regions 

(Figure 2a,b). It is clear from these anal-
yses that further examination of these 
trends by marker and in different regions 
are warranted so that effective markers 
can be chosen to maximize resolution 
and accuracy. Furthermore, this work 
highlights the importance of regularly 
reevaluating markers with updated ref-
erence databases to ensure appropriate 
marker gene selection.

Building more thorough and region-
ally focused reference databases for the 
Northeast Pacific and the Arctic are pri-
mary focal points for the PMEL OME 
group, in collaboration with other 
NOAA colleagues and the Smithsonian 
Institution. This work will improve the 
results presented in Galaska et al. (2023, 
in this issue), for which taxonomic assign-
ments can be updated with each new iter-
ation of the reference database.

CONCLUSIONS
With a rapidly changing ocean envi-
ronment, the keys to successful opera-
tionalization of an ocean biomolecular 
monitoring framework are the accuracy 
and speed of knowledge dissemination. 
Reproducible bioinformatics tools like 
REVAMP reduce the time lag between 
raw data generation and production of 
biological ecosystem information from 
weeks to hours. Rapidly exploring pat-
terns in eDNA data across multi-stressor 
gradients allows us to understand and 
predict ecosystem dynamics in response 
to changing ocean conditions, providing 
a key bioinformatic resource that will bet-
ter serve NOAA objectives. As the PMEL 
OME group improves reference databases 
in the Northeast Pacific and the Arctic, 
REVAMP can be used to examine the effi-
cacy of reference databases and marker 
choices. As a flexible pipeline generat-
ing hundreds of visualizations, REVAMP 
is a valuable tool for rapid biodiversity 
evaluation, and will be incorporated into 
NOAA ’omics bioinformatics toolkits as 
we operationalize eDNA efforts. 
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