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Environmental RNA as a Tool 
for Marine Community Biodiversity 
Assessments
Marissa S. Giroux1*, Jay R. Reichman2, Troy Langknecht1, Robert M. Burgess3 & Kay T. Ho3

Microscopic organisms are often overlooked in traditional diversity assessments due to the difficulty of 
identifying them based on morphology. Metabarcoding is a method for rapidly identifying organisms 
where Environmental DNA (eDNA) is used as a template. However, legacy DNA is problematically 
detected from organisms no longer in the environment during sampling. Environmental RNA (eRNA), 
which is only produced by living organisms, can also be collected from environmental samples 
and used for metabarcoding. The aim of this study was to determine differences in community 
composition and diversity between eRNA and eDNA templates for metabarcoding. Using mesocosms 
containing field-collected communities from an estuary, RNA and DNA were co-extracted from 
sediment, libraries were prepared for two loci (18S and COI), and sequenced using an Illumina MiSeq. 
Results show a higher number of unique sequences detected from eRNA in both markers and higher 
α-diversity compared to eDNA. Significant differences between eRNA and eDNA for all β-diversity 
metrics were also detected. This study is the first to demonstrate community differences detected 
with eRNA compared to eDNA from an estuarine system and illustrates the broad applications of 
eRNA as a tool for assessing benthic community diversity, particularly for environmental conservation 
and management applications.

Environmental DNA (eDNA) is organismal DNA collected from environmental settings and is a rapidly growing 
tool with a plethora of monitoring and management applications. However, it is not the only genetic material that 
is found in environmental samples. RNA is also found alongside DNA in environmental media. Living organisms 
are constantly producing coding and non-coding RNAs through the process of transcription of DNA templates 
to maintain homeostasis. As organisms shed DNA through mucous, skin cells, fecal matter, and degrading ani-
mal carcasses, RNA is also shed1,2. Similarly to eDNA, RNA is found in environmental samples, such as water, 
soil, sediment, and air, and is termed environmental RNA (eRNA)3. Until recently, eDNA has been the primary 
genetic template of choice for quantitative and qualitative organism identification and community diversity 
analyses through metabarcoding.

Metabarcoding is a molecular method that allows for the concurrent identification of numerous organ-
isms from metagenomic DNA collected from a single sample. Metabarcoding methods typically utilize eDNA 
extracted from environmental samples and fecal samples. The DNA template is then PCR amplified for the genetic 
marker of interest and subsequently sequenced using next-generation sequencing platforms where sequences are 
matched to taxonomic databases resulting in the rapid genetic identification of organisms4. There are regions of 
several genes that can be sequenced to analyze eukaryotic communities. Most commonly used are mitochondrial 
Cytochrome Oxidase c subunit 1 (COI) and the nuclear 18S ribosomal RNA (rRNA) gene5,6. In marine envi-
ronments, eDNA barcoding and metabarcoding are powerful tools for mapping marine biodiversity, detecting 
endangered and invasive species, and assessing community changes to environmental and contaminant stressors7. 
The decreasing costs, sample preparation time, and speed of High Throughput Sequencing compared to tra-
ditional biomonitoring methods has contributed to the increased use of eDNA metabarcoding in biodiversity 
and monitoring surveys. Metabarcoding is a particularly useful tool for the rapid taxonomic identification of 
organisms that are often difficult and time-consuming to identify using traditional morphological methods7. 
Low sampling frequency and the high cost associated with morphological identification of benthic organisms 
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often results in substantial underestimation of diversity of microscopic organisms whereas molecular methods 
yield higher taxonomic resolution8.

Metabarcoding methods are sensitive enough to detect the presence of microscopic organisms, such as micro-
fauna and meiofauna9–11. Meiofauna are characterized as organisms that can pass through a 0.5 mm mesh and 
are retained by a 45 μM mesh, such as many species of nematodes, copepods, rotifers, and ostracods. Microfauna 
are classified as < 0.1 mm12, such as tardigrades, amoebas, and foraminifera. Due to their small size and the chal-
lenges of taxonomic identification, micro- and meiofauna are often discounted in sampling studies. However, 
meiofauna are vital in functioning food webs, involved in waste removal and biogeochemical cycles, and provide 
oxygenation to hypoxic areas, thus making marine ecosystems more habitable for other organisms13–15. Micro- 
and meiofauna are sensitive to environmental disturbances, such as pollution and nutrient changes, and are 
found in both pelagic and benthic aquatic environments, so they serve as ideal biological indicators of healthy 
ecosystems16–18. For example, changes in community structure can help pinpoint specific disturbances and system 
imbalances. Therefore, metabarcoding is an invaluable tool for rapidly identifying meiofaunal organisms and 
processing large numbers of samples.

Metabarcoding methods using eDNA have been used to assess benthic communities’ structure and have 
been validated as a useful approach to characterize benthic meiofaunal communities10,19. As such, eDNA and 
molecular methods of organism detection are being incorporated into aquatic conservation practices through 
biodiversity surveys, population estimates, biomonitoring of endangered species, and even to predict parasite 
outbreaks in aquaculture operations20–23. Within the United States, eDNA methods are starting to be adopted 
by federal and local agencies for regulatory and environmental management purposes to supplement traditional 
monitoring and biodiversity assessment strategies24. Increasing the understanding of molecular tools and their 
practical applications and incorporating appropriate uncertainty into eDNA in management tools will broaden 
the use of eDNA in decision-making practices25.

Although metabarcoding using eDNA has the potential to be an accessible and powerful tool for management 
applications, DNA has a major downfall when attempting to obtain a snapshot of community structure at a spe-
cific timepoint. DNA can be detected from the cells of deceased organisms as well as from cells shed when living 
organisms pass by sampling sites. This leads to the possibility of an inaccurate representation of the community 
diversity and composition at the time of sampling. DNA degredation depends on a multitude of environmental 
factors, including temperature, salinity, pH, UV exposure, bacterial decomposition, and nuclease presence26. 
DNA is relatively stable compared to RNA, particularly in aquatic environments, which increases the possibility 
of detecting previously deceased organisms in the sample2. This is especially important when understanding 
community composition prior to and in response to disturbance events. Conversely, RNA is predominately 
expressed by only the living organisms present and it is rapidly degraded in many environments. RNA is much 
less stable under environmental conditions due to the molecular composition of ribose, which has a hydroxyl 
group susceptible to hydrolysis, versus deoxyribose. eRNA decay rates are significantly higher compared to eDNA 
rates, and eRNA half-lives can be 5 h faster than eDNA in aquatic systems27. eDNA is degradation is also lower in 
sediment compared to aqueous samples, so eDNA is more persistent in benthic environments than pelagic ones28. 
Additionally, the ubiquitous presence of RNases in the environment can also quickly decrease RNA integrity. 
Therefore, using eDNA results in a convoluted representation of past and present organisms while RNA methods 
show only the living organisms, which is a more accurate measurement of the current state of a community.

RNA and DNA can be successfully co-extracted from samples for use in the metabarcoding pipeline29. Then, 
the RNA of the common barcoding markers, such as COI and 18S, is reversed transcribed into cDNA that can 
be PCR amplified. Selecting the appropriate loci, or marker gene of interest, and associated primers for PCR 
amplification is important for the successful detection of species within target communities. In our current study, 
we investigated marine benthic communities and were specifically targeting meio- and microfaunal communi-
ties rather than macrofaunal, bacterial, or algal communities. Throughout the past decade, several new primers 
have become available for detection of specific communities. Zhang et al. (2018) compared the utility of various 
primer pairs for different loci and found that using two markers allows for a more comprehensive overview of 
the species present in the community of interest, particularly when the markers are evolutionarily independent, 
such as 18S and COI6. Additionally, many metabarcoding studies on benthic communities use two primer pairs 
to maximize taxa detection30. Therefore, we selected the Uni18S (V4 region of 18S) and Leray COI primer pairs. 
These specific primers were selected because they resulted in high read abundance in a study comparing the 
ability of several metabarcoding primers to detect mock invertebrate communities6. The Leray mitochondrial 
COI DNA primers were also specifically designed to detect marine metazoa, which is also a target community 
of the current study31.

The objective of this study was to compare the detected community composition and diversity between eRNA 
and eDNA. The current study focuses on optimizing eRNA and eDNA methods for the purpose of evaluating 
community diversity specifically in meiofaunal and microfaunal communities because of the microscopic size 
and difficulty in morphological identification of these organisms. Comparing metabarcoding approaches to 
traditional morphological identification of time-consuming microscope-based counting/identifying has been 
previously conducted in the same estuary10 and is outside of the scope of this study.

Methods
Sediment core collection and mesocosm setup.  Seven sediment cores were collected from the Nar-
row River Estuary (RI) during low tide in an area clear of benthic macrofauna growth (41° 26.877ʹ N, − 71° 
27.528 ʹ W) (Fig. S1). This location has been used in previous studies for sediment core/ mesocosm collection 
because it is relatively unimpacted10,32. Clear PVC tubes (5 cm outer diameter by 25 cm length) were used for 
coring and were used as mesocosms representative of the sediment environment of the estuary. Seven cores were 
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collected in total as replicates. Approximately 10 cm of sediment was collected in each mesocosm, capped on 
both ends with clean rubber stoppers, and immediately transported to the laboratory.

Mesocosm maintenance and experimental design.  Core collection, mesocosm maintenance, and 
care were based on previous mesocosm studies conducted at the U.S. EPA laboratory in Narragansett, RI 
(USA)10. Mesocosms were arranged vertically in plexiglass holders in flow-through tables at 18.3 ± 0.25 °C on 
12 h light: 12 h dark cycles (Fig. S1). Individual air and water lines with fresh, natural seawater (30.33 ± 0.24 ‰) 
filtered at 5 μm were adjusted to flow at 3–5 ml/min resulting in approximately 8.5–14 turnovers every 24 h in 
each mesocosm, which were representative of environmental conditions at the time of collection. Water quality 
measurements, dissolved oxygen, pH, salinity, and temperature were recorded in each mesocosm once a week. 
Individual flow rate measurements were recorded every two days and adjusted accordingly. To provide feed-
stocks for the micro/meiofauna in the mesocosms, an equal mixture of 6.7 × 106 cells/species (total 20.1 × 106 
cells) consisting of 3 green algae species, Dunaliella salina, Pavlova lutheri, and Tetraselmis spp., was added to 
each mesocosm every other day. Algae was prepared in rotating stocks and algae concentration was determined 
by counting cells with a hemocytometer prior to feedings. Mesocosms were held in the laboratory for 2 weeks to 
allow acclimation to artificial conditions and to allow for recovery from mechanical disturbances from the field 
collection process prior to sampling.

Nucleic acid collection.  After two weeks, the top 1 cm of sediment was collected by gently pouring off 
overlying water until approximately 1–2 mm of muddy, overlying water remained. Many meiofauna were present 
in the residual overlying water, so this was collected with the top 1 cm of sediment. A clean, plastic core extruder 
was used to gently push the top 1.5 cm of sediment out of the PVC tube. Sediment was collected in sterile weigh 
boats and briefly and gently homogenized with a sterile metal spatula before being stored in two RNAse/DNase-
free 15 mL conical tubes per mesocosm for technical replicates. Sediment was then immediately flash frozen and 
stored at − 80 °C.

RNA and DNA were co-isolated using the Qiagen RNeasy PowerSoil Total RNA Kit followed immediately 
by the Qiagen RNeasy PowerSoil DNA Elution Kit. Phenol/ chloroform/ isoamyl alcohol 25:24:1 at pH 6.6 
and 200 proof Molecular Grade Ethanol used for nucleic acid extraction and PCR cleanup (“PCR cleanup and 
library preparation” Section) were from Thermo Fisher. Nucleic acids were extracted according to manufacturer 
instructions, and 2 g of sediment were used in each extraction. There were 7 mesocosm samples and 2 technical 
replicates extracted per mesocosm. DNA was subsequently cleaned of residual RNA using Qiagen’s RNase A 
protocol. Briefly, digestion buffer and 0.5 µL of RNase A (Qiagen) was added to each sample and incubated for 
40 min at 37 °C. DNA was separated using 200 µL of phenol / chloroform / isoamyl alcohol by centrifugation 
at 10,000 g for 5 min. The aqueous layer was removed and treated with 5 M NaCl and 100% ethanol. DNA pre-
cipitation occurred after a 30 min incubation at − 20 °C follow by centrifuging at 10,000 g for 10 min. Both RNA 
and DNA purity and concentration were determined using a NanoDrop 8000 (Thermo Scientific). The 260/280 
values were between 1.95–2.2 and 1.7–1.85 for RNA and DNA, respectively. Also, RNA integrity was confirmed 
with gel electrophoresis by the presence of distinct 18S and 28S bands. Agarose, 50X TAE Buffer, SYBR Safe DNA 
Gel Stain, and 6X DNA Loading Dye used for gel electrophoresis were from Thermo Fisher. Extracted RNA and 
DNA samples were stored at − 80 °C.

Amplification of 18S and COI markers.  RNA was reverse transcribed to cDNA using the iScript Select 
cDNA Synthesis Kit (Bio-Rad) according to manufacturer instructions from 500 ng of total RNA using the ran-
dom primers provided with the kit. cDNA was stored at − 20 °C until PCR amplification.

Two marker genes were selected for PCR amplification: the V4 region of 18S gene (Uni18S) and Cytochrome 
Oxidase Subunit I (COI). The 18S primer sequences were the Uni18S primers sourced from Zhan et al.33 For-
ward: 5’-AGG​GCA​AKYCT​GGT​GCC​AGC​- 3’, Reverse: 5’-GRC​GGT​ATC​TRA​TCG​YCT​T-3’. The COI primer 
sequences were the Leray primers from Leray et al.31 Forward: 5’- GGW​ACW​GGW​TGA​ACW​GTW​TAY​CCY​
CC -3’, Reverse: 5’- TAA​ACT​TCA​GGG​TGA​CCA​AAA​AAT​CA -3’. Forward and reverse primers had the fol-
lowing adaptor sequences added for compatibility with the Illumina 16S Metagenomic Sequencing Library Prep 
protocol: Forward 5’- TCG​TCG​GCA​GCG​TCA​GAT​GTG​TAT​AAG​AGA​CAG- 3’ and Reverse 5’-GTC​TCG​TGG​
GCT​CGG​AGA​TGT​GTA​TAA​GAG​ACAG-3’.

PCR reactions were run in 96-well plates on a Bio-Rad C1000 thermal cycler in 15 µL total reaction vol-
umes which consisted of 7.5 µL of Kapa HiFi HotStart ReadyMix, 4.5 µL of nuclease -free H2O, 1 µL of forward 
primer (5 nM), 1 µL of reverse primer (5 nM), and 25 ng of DNA template. All samples were run in duplicate 
and amplicons from pairs of technical replicates were pooled after first-round PCR. The thermal cycler protocol 
for the 18S marker was as follows: 5 min at 95 °C followed by 35 cycles of 30 s at 94 °C, 25 s at 71 °C, and 20 s at 
72 °C, followed by 5 min at 72 °C. The thermal cycler protocol for the COI marker was as follows: 5 min at 95 °C 
followed by 35 cycles of 45 s at 94 °C, 45 s at 57.9 °C, and 45 s at 72 °C, followed by 5 min at 72 °C. Successful 
PCR amplification was confirmed on a 1.25% gel. PCR thermocycler protocols and primer concentrations were 
optimized to ensure no secondary product formation and strong amplicon band presence on a gel.

PCR cleanup and library preparation.  PCR cleanup was conducted according to the Illumina 16S 
Metagenomic Library Prep Guide. Briefly, PCR amplicons were cleaned up with AMPure XP Beads (Beckman 
Coulter) using multiple 80% ethanol washes. Index PCR was conducted with the Nextera XT Index Kit (Illu-
mina) using 5 µL of the cleaned PCR product. The following thermal cycler protocol was used for index PCR for 
both amplicons: 3 min at 95 °C followed by 8 cycles of 30 s at 95 °C, 30 s at 55 °C, and 30 s at 72 °C, followed by 
5 min at 72 °C. A second cleanup was performed after indexing also using AMPure XP Beads. Libraries were run 
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on a Bioanalyzer (Agilent) and a Qubit (Thermo Fisher) to verify amplicon size distribution and concentration, 
respectively.

Sequencing and analysis.  Library concentrations were normalized and pooled at 5 µL volumes at 4 nM 
before denaturing with 5 µL of 0.2 N NaOH. Samples were centrifuged at 280 g for 1 min, and then incubated 
for 5 min at room temperature. A Hybridization Buffer (Illumina) was added to the denatured libraries to dilute 
to 4–6 pM and the internal standard, PhiX Control Kit V3 (Illumina), was added. Multiplexed libraries were 
sequenced on an Illumina MiSeq.

Bioinformatic analysis was conducted using QIIME2 version 2019.1034. Samples were demultiplexed and 
trimmed to 280 bp to maintain a quality threshold of 30 or more (see SI Table 1 for read number per mesocosm). 
Reads from technical replicates of each mesocosm were merged to increase sampling depth. Sequences were 
denoised to ASVs using the DADA2 pipeline within QIIME2 software35 Then, alpha rarefaction was performed 
on data from both markers to estimate where saturation of metrics (e.g., observed feature) occurred. To gener-
ate the core metrics, COI sequences were sampled to a depth of 50,371 (retained 79.9% features in 100% of the 
samples). For 18S sequences the depth was 18,223 (retained 69.6% features in 100% of the samples). Rarefac-
tion curves for both makers indicate that the number of observed features plateaued well below the sampling 
depths chosen (see Fig. S2). Sequences were classified using QIIME2 from the SILVA_132 18S database and the 
protozoan and invertebrate sequences from the Barcode of Life Database (BoLD) for 18S and COI libraries, 
respectively. Further identification of unassigned ASVs from the initial classification was performed using the 
NCBI Basic Local Alignment Search Tool (BLAST). Sequences were clustered into Amplicon Sequence Variants 
(ASVs) based on classification. Observed ASVs and Shannon Index α-diversity metrics as well as Bray–Curtis 
and Jaccard’s distance β-diversity metrics were calculated using QIIME2. Bray–Curtis dissimilarity was selected 
as a β-diversity metric because it is a quantitative measurement that accounts for relative abundance of each 
ASV. Jaccard’s distance was selected because it is a qualitative measurement that is based on the presence or 
absence of each ASV.

Statistical analysis.  All statistical analyses were conducted in QIIME2. α-diversity results were analyzed 
using the Kruskal–Wallis test, and β-diversity results were analyzed using PERMANOVA. P-values below 0.05 
were considered statistically significant for all diversity metrics. Venn diagrams, α-diversity plots, and β-diversity 
Principal Coordinates Analysis (PCoA) plots were visualized using the ggplot2 package in R (v. 4.1.0) and RStu-
dio (v. 1.4.1717-3)36,37.

Results
Sample richness.  Each of the 7 mesocosms were sampled in duplicate for a total of 14 extracted nucleic 
acid samples, and each sample was sequenced using two markers. To assess the consistency of ASVs detected 
among individual mesocosms, the common ASVs detected in each number of mesocosms was calculated. For 
example, an ASV detected in only 1 of the 7 mesocosms may be less representative of the community than 
ASVs detected in the majority of mesocosms. Figure 1 shows how the number of unique sequences, or ampli-
con sequence variants (ASVs), detected in at least each number of mesocosms (1–7) differed between the RNA 
and DNA templates. The number of unique ASVs found within all 7 mesocosms was lower than the number of 
ASVs detected in just 1 mesocosm, and there was a decrease in number of similar ASVs found in each number 
of mesocosms for RNA and DNA templates with both markers (Fig. 1A,B). As the number of mesocosms (sam-
pling) increased, the number of ASVs detected in all mesocosms decreased. For both the 18S and COI markers, 
there were distinct differences between the ASVs detected in the RNA samples compared to the DNA template. 
Specifically, RNA ASVs for the 18S marker were 2.7-fold higher than DNA ASVs with 297 ASVs detected by 

Figure 1.   The number of unique sequences (ASVs) detected using the (A) 18S marker and (B) COI marker for 
RNA (red), DNA (blue) templates, and found similarly in both RNA and DNA templates (gray) in at least 1, 2, 3, 
4, 5, 6, and all 7 of the mesocosms.
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both RNA and DNA (Fig. 1A). For the 18S sequences detected in 4 of the mesocosms, the RNA ASVs were 
approximately 1.6-fold higher than DNA ASVs with 83 ASVs similarly detected by both (Fig. 1A). Similarly, the 
RNA ASVs detected in 7 mesocosms were 1.2-fold higher than DNA ASVs with 47 ASVs similarly detected with 
RNA and DNA (Fig. 1A). The number of RNA ASVs detected in at least one mesocosm for the COI marker was 
approximately the same as DNA ASVs with only 7.6% of the ASVs shared by RNA and DNA (Fig. 1B). However, 
the RNA ASVs were approximately 2.2 and 2.3-fold higher than the DNA for ASVs detected in 4 and 7 of the 
mesocosms, respectively (Fig. 1B).

Taxonomy.  There were 293 unassigned ASVs (0.08%) using DNA and 6560 (1.79%) unassigned ASVs using 
RNA with the 18S marker using the taxonomic identification from SILVA database. For the COI marker, there 
were 29,783 (3.38%) unassigned ASVs using DNA and 25,875 (2.93%) unassigned ASVS using RNA using 
the taxonomic identification with BoLD. ASVs that were not matched to a kingdom were counted as unas-
signed ASVs. Unique sequences were taxonomically identified to Class and Order based on the presence of each 
sequence in at least 4 of the mesocosms and additionally categorized based on the presence in all 7 mesocosms. 
Figure 2 depicts the number of ASVs in each Order and SI Table 2 lists the taxonomic classification and number 
of unique ASVs for the 18S marker. The 18S marker resulted in 220 unique ASVs for RNA and 144 unique ASVs 
for DNA for sequences detected in at least 4 of the 7 mesocosms (Fig. 2). There were 92 ASVs for RNA and 80 
ASVs for DNA for sequences detected in all 7 of the mesocosms with the 18S marker (Fig. 2). The categorized 
sequences are also reported as percent of total ASVs (SI Table 2). There were 74 more taxa detected by the RNA 
template than the DNA template in sequences found in 4 of the mesocosms, and 12 more organisms detected 
by RNA than DNA in sequences found in all 7 mesocosms. In sequences detected in 4 and 7 mesocosms there 
were 21 and 10 different classes of organisms detected with the RNA templates, respectively (Fig. 2). With the 
DNA templates, there were 8 and 4 different classes detected in 4 and 7 mesocosms, respectively (Fig. 2). Chro-
madorea, a class of nematodes, were the most highly detected class for both RNA and DNA templates with 64 
and 97 total ASVs (30% and 66%), respectively, for sequences found in 4 of the 7 mesocosms. Other multicellular 
organisms detected with both RNA and DNA in 4 of the 7 mesocosms were Polychaeta, Maxillopoda, Ostracoda, 

Figure 2.   Assigned taxonomy and number of unique sequences (ASVs) detected using the 18S marker for RNA 
and DNA templates in four and all seven mesocosms. Total number of detected taxa at the Order level for each 
marker and template stated above the bar. Taxonomy is assigned to Order.
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and the kinorynch Homalorhagida. Prostomatea, a class of ciliates, was the second highest detected class (20%) 
for RNA but was not detected in the DNA templates (SI Table 2). There were 6 detected taxa of Amoebozoa 
Discosea and one Choanoflagellatea Acanthoecida using RNA in 4 of the 7 mesocosms but none detected using 
DNA. Additionally, no organisms from the Stramenopiles, Alveolates, or Rhizaria (SAR) clade, groups of single 
cell eukaryotes, were detected with DNA templates in all 7 mesocosms, but there were 12 detected classes within 
the SAR clade using the RNA template.

The COI marker resulted in 129 unique ASVs in RNA templates and 60 unique ASVs in DNA templates for 
sequences detected in at least 4 of the 7 mesocosms (Fig. 3). The number of unique ASVs using the COI marker 
was less than the number of unique ASVs for RNA and DNA templates using the 18S marker. There were 37 
ASVs for RNA and 16 ASVs for DNA for sequences detected in all 7 of the mesocosms using the COI marker 
(Fig. 3). Similarly, total RNA and DNA ASVs for COI were lower than the total ASVs detected using the 18S 
marker. There were 3 different orders of Oomycota, a phylum within the SAR clade, detected using DNA in 4 
of the 7 mesocosms, but only 2 orders detected from RNA (Fig. 3). Pythiales were the most highly detected 
Oomycota for both RNA and DNA (SI Table 3). Monhysterida, an order of Nematoda, was detected from RNA, 
but not DNA, using the COI marker. Harpacticoida, an order of copepod, was detected using DNA with the 
COI marker within 4 of the 7 mesocosms. The Gastrotricha order Chaetonotida was detected using both RNA 
and DNA in all mesocosms.

The 18S marker detected a richer taxonomic composition compared to the COI marker using RNA where 12 
distinct SAR classes were found in 4 of the mesocosms: Oligohymenophorea, Plagiopylea, Prostomatea, Litosto-
matea, Spirotrichea, Karyorelictea, Dinophyceae, Chromerida, Chlorarachniophyta, Imbricatea, Conoidasida, 
and Thecofilosea (SI Table 3). The 18S marker was able to detect several ciliates and dinoflagellates in the majority 
of mesocosms using the RNA marker whereas the COI marker did not. However, the COI marker detected 3 
orders of Oomycota (Pythiales, Saprolegniales, and Peronosporales) whereas the 18S marker did not with either 
the RNA or DNA template. The taxonomic compositions of individual mesocosms for both RNA and DNA 
templates are displayed as the relative abundance of each taxa in Fig. S3 (18S marker) and Fig. S4 (COI marker).

Alpha diversity.  Alpha diversity metrics are reported as Observed ASVs and as the Shannon Diversity 
Index. There was a significant difference in the observed ASVs between RNA and DNA templates for the 18S 
marker (p = 0.0017), and the difference in the Shannon Diversity Index was also significant between RNA and 
DNA templates (p = 0.0017) (Fig.  4A,B). The RNA template average observed ASVs and Shannon Diversity 
Index values were significantly higher than the mean DNA values for the 18 s marker. However, there were no 
significant differences in either α-diversity index between RNA and DNA in the COI marker (Fig. 4C,D). The 
COI marker showed a trend towards an increase in higher average RNA Shannon Diversity index values com-
pared to the DNA template (p = 0.064) (Fig. 4D).

Beta diversity.  Beta diversity is visualized in Principal Coordinate Analysis plots (PCOA). For the 18S 
marker, there were significant differences between the clustering of RNA and DNA templates for the Bray–Curtis 
diversity metric (p = 0.002) and for Jaccard’s Distance (p = 0.001) (Fig. 5A,B). There were also significant differ-

Figure 3.   Assigned taxonomy and number of unique sequences (ASVs) detected using the COI marker for 
RNA and DNA templates in four and all seven mesocosms. Total number of detected taxa at the Order level for 
each marker and template stated above the bar. Taxonomy is assigned to Order.
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ences between RNA and DNA clustering in the COI marker for both Bray–Curtis diversity (p = 0.001) and for 
Jaccard’s Distance (p = 0.002) (Fig. 5C,D).

Discussion
The current study is the first to directly compare the differences in eukaryotic community diversity by metabar-
coding eRNA and eDNA from an estuarine benthic ecosystem. This is also the first study to compare the diversity 
of environmental RNA and DNA using two of the most common loci examined in metabarcoding applications: 
COI and 18S. Only a handful of studies have used eRNA to assess diversity through metabarcoding and have 
demonstrated some differences in detected diversity between eRNA and eDNA in metabarcoding19,29,38. Environ-
mental DNA has many useful applications, but one of the downfalls of DNA is that it can be detected long after 
an organism has inhabited an area, such as from dead organisms and even significant distances away from the 
source1. While the persistence of eDNA may be useful in detecting the presence of endangered, rare, or invasive 
species in marine systems, the persistence of eDNA, such as legacy DNA, may skew the accurate representa-
tion of community structure immediately after a disturbance event or during the exact moment of sampling21. 
Environmental RNA proves to be a useful tool because it is far less persistent in marine environments2,27. In the 
current study, RNA provides a snapshot of living organisms present in the mesocosms at the time of sampling, 
compared to DNA which detects past and present organisms in the sample.

Benthic ecosystems often have high biodiversity because they are dynamic environments with various sub-
strates favorable for hosting communities39. To date, there is no one loci and associated primer pair that will 
effectively detect all eukaryotic organisms, and in particular metazoans, so it is beneficial to use multiple loci 
when looking for a variety of taxa6. Previous marine eDNA studies have demonstrated the preferred method 

Figure 4.   Alpha diversity metrics for DNA (blue) vs. RNA (red) metabarcoding templates for the 18S gene (A 
and B) and for the COI gene (C and D). Bold middle line represents the median ASVs, and upper and lower 
box limits represent the upper and lower quartiles, respectively. Observed ASVs are reported in A and C, and 
Shannon Diversity Index scores are reported in B and D. Significant differences (p < 0.01) in diversity between 
DNA and RNA are denoted by an asterisk and were detected using a Kruskal-Wallis test (n = 7).
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of using two loci to achieve comprehensive metabarcoding for taxonomically diverse environments5,30,40. The 
current study further demonstrates the need to use at least two different loci for targeted PCR and sequencing 
to truly capture the wide diversity in rich systems, such as the top oxygenated layer of the marine benthos. Our 
results demonstrate the types of organisms detected using the 18S loci vary widely from the organisms detected 
by COI. The 18S loci also detected a higher number of organisms than using the COI loci. The 18S allowed greater 
detection of metazoans whereas COI was useful in the detection of Oomycota (i.e., a eukaryotic microorganism 
that resembles fungi) protozoa. Protozoa are often food sources for meiofauna41; therefore, using COI for pro-
tozoan detection and 18S for metazoan detection showcases multiple trophic levels present in the mesocosms of 
the current study. Utilizing multiple loci not only broadens taxonomic diversity detection but can also highlight 
multiple trophic levels for understanding food webs originating in benthic environments15.

A study evaluating arctic benthic diversity similarly found that COI detected fewer taxa than 18S using eDNA 
metabarcoding, and there was only ~ 40% taxa overlap between markers at the class level42. In the current study, 
the COI marker using both nucleic acid templates yielded a higher percentage of unassigned taxa after filter-
ing for presence in the majority of mesocosms compared to 18S. A possible explanation for the low metazoan 
detection by COI may be that the unassigned taxa are metazoans rather than more SAR organisms. Additionally, 
singly detected metazoans were filtered out of the analysis if they were not detected in at least 4 mesocosms. 
For example, one type of amphipod was detected in only 3 mesocosm by RNA using the COI marker, but was 
not detected in any mesocosms using DNA. Therefore, the amphipod observation was excluded from the COI 
results in Fig. 3 and Table S3 because it was not found in at least 4 mesocosms.

Overall, RNA provides a broader assessment of benthic community structure than DNA, particularly when 
using two loci/ markers for sequencing. In the current study, we used nuclear 18S ribosomal RNA and DNA and 
mitochondrial COI RNA and DNA sequences as markers for metabarcoding. The number of copies of ribosomal 

Figure 5.   Beta diversity PCOA plots for DNA (teal) vs. RNA (orange) metabarcoding templates for the 18S 
gene (A and B) and for the COI gene (C and D). Bray-Curtis diversity is reported in A and C, and Jaccard’s 
Distance is reported in B and D. Confidence ellipses were calculated at 95%. All plots show significant 
differences at p < 0.002 in diversity between DNA and RNA template groups using a PERMANOVA analysis 
(n = 7).
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RNA per cell is higher than the copies of ribosomal DNA, and the ratio of RNA: DNA is higher in single-cell 
organisms, such as protists43. The higher number of unique ASVs detected using eRNA is likely attributed to the 
higher number of RNA copies of each marker in small, single-cell organisms successfully amplified during PCR, 
therefore making rare organisms easier to detect. The DNA of highly abundant or higher biomass organisms may 
“drown out” (i.e., mask) the sequences from lower abundance and biomass organisms during PCR amplifica-
tion, thus resulting in lower detected α-diversity. The increased detection of ciliates and protozoa using eRNA 
are consistent with other recent eRNA metabarcoding results that found higher ciliate and protozoan diversity 
compared to eDNA using the same Uni18S primers19. Positive correlations between organism biomass and 
sequence copy numbers have been demonstrated for DNA metabarcoding conducted on invertebrate species44. 
In the current study, RNA allowed for the detected of both larger meiofauna and smaller microfauna, which is 
optimal for assessing true biodiversity with molecular assays. Chaetonotida, a type of gastrotrich, was the only 
taxa detected in 4 of the mesocosms using DNA that was not found with RNA. It is possible the chaetonotida 
may have died during the experiment due to sensitivities to new environmental conditions, and therefore were 
not detected with RNA. The temperature of the flowing seawater in the mesocosms was approximately 18 °C, 
and many marine chaetonotida prefer 23–28 °C and high organic matter substrate45.

Previous studies have compared the accuracy of conventional morphological identification to molecular 
metabarcoding methods for assessing biodiversity. In estuarine-specific studies, metabarcoding methods are 
able to detect the majority of taxa identified with traditional methods and often detected higher species richness, 
or higher numbers of unique organisms, that was not found conventionally10,46,47. The limiting factor for higher 
resolution of taxonomic identification is the availability of species-specific sequences in barcoding databases48. 
However, barcoding databases are becoming more robust as an increasing number of researchers contribute 
high quality sequencing data to databases7. Therefore, eRNA metabarcoding techniques perform similarly to 
conventional morphological methods, and may even uncover higher biodiversity in systems like estuaries where 
meiofauna have been historically understudied and identified.

Although eRNA α-diversity is higher compared to eDNA, there is some overlap between ASVs detected with 
eRNA and eDNA. The higher percentage of overlap between eDNA and eRNA ASVs is predominantly seen in the 
ASVs detected in all 7 of the mesocosms. The increased overlap in ASVs detected in all 7 mesocosms compared 
to the relatively lower overlap of ASVs found in only 1 of the 7 mesocosms is due to the filtering of random 
organisms found in only 1 mesocosm. Detection of a unique organism in a single mesocosm is likely not repre-
sentative of the sample community and filters potential artifacts that may be introduced during cDNA synthesis 
from eRNA. However, all uniquely identified ASVs are used in the β-diversity analysis, so the higher number 
of unique ASVs detected from eRNA are likely driving the significant differences observed between eRNA and 
eDNA β-diversity. It is possible that using eRNA could increase the statistical power of a study design compared 
to eDNA because eRNA detects a higher number of ASVs. It is unlikely that a higher number of RNA ASVs 
could be due to splice variants contributing to unique sequences because the amplified regions of both markers 
do not contain introns. Therefore, no splicing of transcripts would be expected. Thus, the detected DNA ASVs 
are from living organisms in the mesocosms and the higher diversity of ASVs detected from RNA demonstrate 
that RNA is a more suitable option for assessing diversity of living organisms.

It is evident that the mesocosms in the current study were rich with meio- and microfauna due to the num-
ber of unique organisms and broad diversity of different taxa. It is likely that collecting samples for nucleic acid 
extraction directly from the field site may result in higher diversity because there is no mechanical disturbance 
during the laboratory acclimation period and the presence of other organisms in the system, such as fish, mac-
roinvertebrates, or birds. eDNA molecular abundance in samples has been shown to correlate to actual organis-
mal abundance in laboratory environments, but the same correlation is not as apparent in field samples, which 
is likely due to a variety of collection and processing methods49. eRNA may be the better nucleic acid template 
for field collection once flash frozen, especially for the detection of protozoans. Future studies will compare the 
diversity of eukaryotic communities detected using eDNA and eRNA collected directly from the field rather than 
from sediment core mesocosms. Repeated sampling from a field site may help reduce transient eRNA detection 
when establishing accurate baseline community composition in field-based biomonitoring studies.

Recently, meiofaunal organisms and communities are being explored as bioindicators, which are organisms 
whose presence are indicators for environmental stress and pollution17. For example, lower meiofaunal diversity 
and abundance is associated with higher pollution in harbors, and the presence of some genera of nematodes 
are correlated with higher concentrations of polycyclic aromatic hydrocarbons because they are more tolerant to 
pollution50. A previous study that used field-collected mesocosms from the same location as our current study 
found similar phyla detected with a metabarcoding approach; the majority of the sequences detected in benthic 
communities were from nematodes, arthropods, and the microfaunal SAR clade10. Similarly, the majority of the 
ASVs detected from the current study also corresponded with nematodes, arthropods, and the SAR clade, as 
well as other commonly detected meiobenthic organisms, such as polychaetes and Homalorhagida (i.e., mud 
dragons). A recent study exposed a benthic foraminiferal community to chromium, and found that eRNA 
metabarcoding was more robust for detecting changes in diversity at lower chromium concentrations compared 
to eDNA51. The eRNA metabarcoding method used in the current study detected meiofaunal taxa typical of 
marine or estuarine environments. Therefore, eRNA metabarcoding may be useful for efficiently identifying 
bioindicator species or taxa impacted by exposures to different contaminants and environmental stressors to aid 
with management of aquatic systems. Another advantage of eRNA is that RNA provides functional information 
about how organisms response to stress through altered transcription of activated pathways. eRNA will likely 
be a more powerful tool than eDNA because it allows for the detection of both bioindicator species and, in the 
future with increase development of genetic databases, environmental detection of biomarkers of stress through 
increased transcription of response genes.
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Many academic researchers are adopting molecular methods using High Throughput Sequencing as the future 
of biomonitoring surveys; however, few regulatory and environmental management organizations/ agencies have 
adopted metabarcoding into their routine biomonitoring practices for regulatory purposes. In marine benthic 
communities, metabarcoding provides a comprehensive assessment of diversity and is useful for detecting a 
broader array of organisms in biomonitoring surveys especially when using two markers47. eDNA is also use-
ful for monitoring discrete communities (i.e., benthic versus pelagic)52, so it is possible that using eRNA could 
provide vital information about living organisms in specific environments compared to eDNA. Metabarcoding 
sequencing and bioinformatic approaches for benthic environments vary among studies, thus requiring some 
standardization between methods to further advance the use of metabarcoding in conservation and regulatory 
applications30,53.

Like eDNA, some advancements must be made with eRNA to be used as a quantitative tool in molecular 
ecology. Validation of eDNA metabarcoding for assessing relative abundance of species is rapidly progressing by 
correlating laboratory studies of DNA shedding with field experiments1,54. Similar validation techniques can be 
used to develop eRNA metabarcoding as a quantitative or semi-quantitative method. There is growing interest 
in optimizing eRNA extraction protocols from different types of environmental media to standardize the use of 
eRNA in downstream molecular applications55. Thus, standardizing eRNA protocols will help with integration 
into environmental management toolkits for regulatory purposes.

RNA poses unique barcoding challenges compared to DNA because the number of RNA transcripts from 
a gene are not always present in the same proportion compared to the gene copy number per genome (i.e., one 
DNA copy per cell), especially for differentially expressed genes. However, one possible way to work around 
this issue is to utilize constitutively expressed marker loci where transcription is generally stable and unaffected 
by environmental stressors, such as those used as reference genes for quantitative real-time PCR49. Fortunately, 
many loci chosen for metabarcoding purposes fit this criterium; the transcription of 18S and COI remain steady 
within the cell regardless of environmental stress.

Collecting sediment cores from the environment and bringing them into controlled laboratory settings for 
community analysis through eRNA metabarcoding is a powerful tool that opens opportunities for this method 
to be used in a broad range of fields. For instance, field-collected mesocosms could be used in controlled settings 
to investigate the effects of individual or mixtures of toxicants on entire community and population-level out-
comes. Marine sediments are often the ultimate sink for environmental contaminants, such as organic pollutants 
, heavy metals56, and plastic particles57, yet few studies investigate actual community-level changes in contami-
nant exposures. Marine benthic environments have high biodiversity, but the breadth of diversity in micro- and 
meiofaunal organisms is often understudied because traditional morphological methods are immensely time 
consuming. Sediment core mesocosms could also be used to understand the effects of global climate change 
stressors, such as fluctuating temperatures, surface water salinity and pH, on communities as well as conventional 
and emerging contaminants in combination with climate change stressors. Additionally, this method could also 
be used to understand how communities respond to a significant disturbance event or smaller series of stressors, 
which are often difficult to measure in environmental settings32,58. In these applications, eRNA is favorable for 
constructing community composition at a specific moment of the experiment to better regulate anthropogenic 
causes of environmental stress.

Conclusions
eRNA is an efficient, powerful tool for assessing community diversity, particularly when using multiple loci for 
metabarcoding. While eDNA is a robust tool for capturing all DNA present in a sample, eRNA provides a more 
comprehensive snapshot of community structure for living organisms within the target community, including 
protozoans and other microfauna, while eDNA reflects both living and dead organisms. Additionally, eRNA 
metabarcoding detected higher numbers of unique organisms and greater α-diversity compared to eDNA because 
eRNA of larger organisms does not “drown out” detection of smaller organisms. The higher detection of micro-
fauna using eRNA may lead to greater statistical power through increased ability to detect significant community 
differences between treatments. Utilizing eRNA for environmental monitoring can enhance the detection of 
benthic organisms that are rarely seen through morphological identification. As demonstrated here, combining 
eRNA metabarcoding with mesocosm studies allows a greater understanding of community and population-level 
outcomes and can be used as a tool in a plethora of applications where impacts on those levels have been difficult 
to study. The development of eRNA metabarcoding will ultimately lead to advancements in our knowledge of 
trophic interactions, ecosystem response to stressors, and taxonomic identification of understudied organisms 
resulting in more comprehensive management of marine systems. Finally, the ability to accurately reconstruct 
a microscopic community at a precise moment in time can be improved with the use of eRNA. Metabarcoding 
approaches, whether using eRNA or eDNA, will only become more robust as primer designs are improved for 
detection of broader taxa and more species marker sequences are added to databases.

Data availability
Sequencing data and metadata files can be accessed through NCBI Sequence Read Archive (SRA) repository 
as follows:  Genetic data: Raw sequence reads are deposited in the SRA (BioProject PRJNA810607). Sample 
metadata: Metadata are also stored in the SRA (BioProject PRJNA810607). https://​datav​iew.​ncbi.​nlm.​nih.​gov/​
object/​PRJNA​810607?​revie​wer=​38skm​g8kl9​cn1om​iequc​0eaale.

Received: 23 June 2022; Accepted: 11 October 2022

https://dataview.ncbi.nlm.nih.gov/object/PRJNA810607?reviewer=38skmg8kl9cn1omiequc0eaale
https://dataview.ncbi.nlm.nih.gov/object/PRJNA810607?reviewer=38skmg8kl9cn1omiequc0eaale


11

Vol.:(0123456789)

Scientific Reports |        (2022) 12:17782  | https://doi.org/10.1038/s41598-022-22198-w

www.nature.com/scientificreports/

References
	 1.	 Andruszkiewicz Allan, E., Zhang, W. G., Lavery, A. & Govindarajan, A. Environmental DNA shedding and decay rates from diverse 

animal forms and thermal regimes. Environ. DNA 3, 492–514. https://​doi.​org/​10.​1002/​edn3.​141 (2020).
	 2.	 Wood, S. A. et al. Release and degradation of environmental DNA and RNA in a marine system. Sci. Total Environ. 704, 135314. 

https://​doi.​org/​10.​1016/j.​scito​tenv.​2019.​135314 (2020).
	 3.	 Cristescu, M. E. Can environmental RNA revolutionize biodiversity science?. Trends Ecol. Evol. 34, 694–697. https://​doi.​org/​10.​

1016/j.​tree.​2019.​05.​003 (2019).
	 4.	 Cristescu, M. E. & Hebert, P. D. N. Uses and misuses of environmental DNA in biodiversity science and conservation. Ann. Rev. 

Ecol. Evolut Syst 49, 209–230. https://​doi.​org/​10.​1146/​annur​ev-​ecols​ys-​110617-​062306 (2018).
	 5.	 Günther, B., Knebelsberger, T., Neumann, H., Laakmann, S. & Martínez Arbizu, P. Metabarcoding of marine environmental DNA 

based on mitochondrial and nuclear genes. Sci. Rep. 8, 14822. https://​doi.​org/​10.​1038/​s41598-​018-​32917-x (2018).
	 6.	 Zhang, G. K., Chain, F. J. J., Abbott, C. L. & Cristescu, M. E. Metabarcoding using multiplexed markers increases species detection 

in complex zooplankton communities. Evol. Appl. 11, 1901–1914. https://​doi.​org/​10.​1111/​eva.​12694 (2018).
	 7.	 Deiner, K. et al. Environmental DNA metabarcoding: Transforming how we survey animal and plant communities. Mol. Ecol. 26, 

5872–5895. https://​doi.​org/​10.​1111/​mec.​14350 (2017).
	 8.	 Dafforn, K. A. et al. In Advances in Ecological Research Vol. 51 (eds Woodward, G. et al.) 1–40 (Academic Press, 2014).
	 9.	 Bucklin, A., Steinke, D. & Blanco-Bercial, L. DNA barcoding of marine metazoa. Ann. Rev. Mar. Sci. 3, 471–508. https://​doi.​org/​

10.​1146/​annur​ev-​marine-​120308-​080950 (2011).
	10.	 Chariton, A. A. et al. A molecular-based approach for examining responses of eukaryotes in microcosms to contaminant-spiked 

estuarine sediments. Environ. Toxicol. Chem. 33, 359–369. https://​doi.​org/​10.​1002/​etc.​2450 (2014).
	11.	 Krolicka, A., Gomiero, A. & Baussant, T. qPCR-based assessment of microfaunal indicators of oil for monitoring benthos around 

oil and gas platforms. Sci. Total Environ. 736, 139527. https://​doi.​org/​10.​1016/j.​scito​tenv.​2020.​139527 (2020).
	12.	 Ptatscheck, C., Gehner, S. & Traunspurger, W. Should we redefine meiofaunal organisms? The impact of mesh size on collection 

of meiofauna with special regard to nematodes. Aquat. Ecol. 54, 1135–1143. https://​doi.​org/​10.​1007/​s10452-​020-​09798-2 (2020).
	13.	 Bonaglia, S. et al. Meiofauna improve oxygenation and accelerate sulfide removal in the seasonally hypoxic seabed. Mar. Environ. 

Res. 159, 104968. https://​doi.​org/​10.​1016/j.​maren​vres.​2020.​104968 (2020).
	14.	 Ptatscheck, C., Brüchner-Hüttemann, H., Kreuzinger-Janik, B., Weber, S. & Traunspurger, W. Are meiofauna a standard meal for 

macroinvertebrates and juvenile fish?. Hydrobiologia 847, 2755–2778. https://​doi.​org/​10.​1007/​s10750-​020-​04189-y (2020).
	15.	 van Der Heijden, L. H. et al. Quantitative food web modeling unravels the importance of the microphytobenthos-meiofauna 

pathway for a high trophic transfer by meiofauna in soft-bottom intertidal food webs. Ecol. Model. https://​doi.​org/​10.​1016/j.​ecolm​
odel.​2020.​109129 (2020).

	16.	 Gardham, S., Chariton, A. A. & Hose, G. C. Invertebrate community responses to a particulate- and dissolved-copper exposure 
in model freshwater ecosystems. Environ. Toxicol. Chem. 33, 2724–2732. https://​doi.​org/​10.​1002/​etc.​2728 (2014).

	17.	 Zeppilli, D. et al. Is the meiofauna a good indicator for climate change and anthropogenic impacts?. Mar. Biodivers. 45, 505–535. 
https://​doi.​org/​10.​1007/​s12526-​015-​0359-z (2015).

	18.	 Dawson, J., Pillay, D. & Perissinotto, R. Idiosyncratic responses of meiofaunal assemblages to hippo dung inputs in an estuarine 
lake. Estuar. Coast. Shelf Sci. https://​doi.​org/​10.​1016/j.​ecss.​2020.​106745 (2020).

	19.	 Pochon, X., Zaiko, A., Fletcher, L. M., Laroche, O. & Wood, S. A. Wanted dead or alive? Using metabarcoding of environmental 
DNA and RNA to distinguish living assemblages for biosecurity applications. PLoS One 12, e0187636. https://​doi.​org/​10.​1371/​
journ​al.​pone.​01876​36 (2017).

	20.	 Bastos Gomes, G. et al. Use of environmental DNA (eDNA) and water quality data to predict protozoan parasites outbreaks in 
fish farms. Aquaculture 479, 467–473. https://​doi.​org/​10.​1016/j.​aquac​ulture.​2017.​06.​021 (2017).

	21.	 Barnes, M. A. & Turner, C. R. The ecology of environmental DNA and implications for conservation genetics. Conserv. Genet. 17, 
1–17. https://​doi.​org/​10.​1007/​s10592-​015-​0775-4 (2016).

	22.	 Seymour, M. Rapid progression and future of environmental DNA research. Commun. Biol. 2, 80. https://​doi.​org/​10.​1038/​s42003-​
019-​0330-9 (2019).

	23.	 Schenekar, T. The current state of eDNA research in freshwater ecosystems: Are we shifting from the developmental phase to 
standard application in biomonitoring?. Hydrobiologia https://​doi.​org/​10.​1007/​s10750-​022-​04891-z (2022).

	24.	 Pilliod, D. S., Laramie, M. B., MacCoy, D. & Maclean, S. Integration of eDNA-based biological monitoring within the U.S. Geologi-
cal survey’s national streamgage network. JAWRA J. Am. Water Resour. Assoc. 55, 1505–1518. https://​doi.​org/​10.​1111/​1752-​1688.​
12800 (2019).

	25.	 Sepulveda, A. J., Nelson, N. M., Jerde, C. L. & Luikart, G. Are environmental DNA methods ready for aquatic invasive species 
management?. Trends Ecol. Evol. 35, 668–678. https://​doi.​org/​10.​1016/j.​tree.​2020.​03.​011 (2020).

	26.	 Harrison, J. B., Sunday, J. M. & Rogers, S. M. Predicting the fate of eDNA in the environment and implications for studying bio-
diversity. Proc. R. Soc. B Biol. Sci. 286, 20191409. https://​doi.​org/​10.​1098/​rspb.​2019.​1409 (2019).

	27.	 Marshall, N. T., Vanderploeg, H. A. & Chaganti, S. R. Environmental (e)RNA advances the reliability of eDNA by predicting its 
age. Sci. Rep. 11, 2769. https://​doi.​org/​10.​1038/​s41598-​021-​82205-4 (2021).

	28.	 Sakata, M. K. et al. Sedimentary eDNA provides different information on timescale and fish species composition compared with 
aqueous eDNA. Environ. DNA 2, 505–518. https://​doi.​org/​10.​1002/​edn3.​75 (2020).

	29.	 Laroche, O. et al. Metabarcoding monitoring analysis: The pros and cons of using co-extracted environmental DNA and RNA 
data to assess offshore oil production impacts on benthic communities. PeerJ 5, e3347–e3347. https://​doi.​org/​10.​7717/​peerj.​3347 
(2017).

	30.	 Gielings, R. et al. DNA metabarcoding methods for the study of marine benthic meiofauna: A review. Front. Mar. Sci. https://​doi.​
org/​10.​3389/​fmars.​2021.​730063 (2021).

	31.	 Leray, M. et al. A new versatile primer set targeting a short fragment of the mitochondrial COI region for metabarcoding metazoan 
diversity: Application for characterizing coral reef fish gut contents. Front. Zool. 10, 34. https://​doi.​org/​10.​1186/​1742-​9994-​10-​34 
(2013).

	32.	 Chariton, A. A. et al. Metabarcoding of benthic eukaryote communities predicts the ecological condition of estuaries. Environ. 
Pollut. 203, 165–174. https://​doi.​org/​10.​1016/j.​envpol.​2015.​03.​047 (2015).

	33.	 Zhan, A. et al. High sensitivity of 454 pyrosequencing for detection of rare species in aquatic communities. Methods Ecol. Evol. 4, 
558–565. https://​doi.​org/​10.​1111/​2041-​210X.​12037 (2013).

	34.	 Bolyen, E. et al. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 37, 
852–857. https://​doi.​org/​10.​1038/​s41587-​019-​0209-9 (2019).

	35.	 Callahan, B. J. et al. DADA2: High-resolution sample inference from Illumina amplicon data. Nat. Methods 13, 581–583. https://​
doi.​org/​10.​1038/​nmeth.​3869 (2016).

	36.	 R Core Team. R: A Language and Environment for Statistical Computing (R Foundation for Statistical Computing, Vienna, Austria, 
2021). https://​www.R-​proje​ct.​org/

	37.	 RStudio Team. RStudio: Integrated Development Environment for R (Boston. MA, 2021). http://​www.​rstud​io.​com/
	38.	 Laroche, O. et al. First evaluation of foraminiferal metabarcoding for monitoring environmental impact from an offshore oil drill-

ing site. Mar. Environ. Res. 120, 225–235. https://​doi.​org/​10.​1016/j.​maren​vres.​2016.​08.​009 (2016).

https://doi.org/10.1002/edn3.141
https://doi.org/10.1016/j.scitotenv.2019.135314
https://doi.org/10.1016/j.tree.2019.05.003
https://doi.org/10.1016/j.tree.2019.05.003
https://doi.org/10.1146/annurev-ecolsys-110617-062306
https://doi.org/10.1038/s41598-018-32917-x
https://doi.org/10.1111/eva.12694
https://doi.org/10.1111/mec.14350
https://doi.org/10.1146/annurev-marine-120308-080950
https://doi.org/10.1146/annurev-marine-120308-080950
https://doi.org/10.1002/etc.2450
https://doi.org/10.1016/j.scitotenv.2020.139527
https://doi.org/10.1007/s10452-020-09798-2
https://doi.org/10.1016/j.marenvres.2020.104968
https://doi.org/10.1007/s10750-020-04189-y
https://doi.org/10.1016/j.ecolmodel.2020.109129
https://doi.org/10.1016/j.ecolmodel.2020.109129
https://doi.org/10.1002/etc.2728
https://doi.org/10.1007/s12526-015-0359-z
https://doi.org/10.1016/j.ecss.2020.106745
https://doi.org/10.1371/journal.pone.0187636
https://doi.org/10.1371/journal.pone.0187636
https://doi.org/10.1016/j.aquaculture.2017.06.021
https://doi.org/10.1007/s10592-015-0775-4
https://doi.org/10.1038/s42003-019-0330-9
https://doi.org/10.1038/s42003-019-0330-9
https://doi.org/10.1007/s10750-022-04891-z
https://doi.org/10.1111/1752-1688.12800
https://doi.org/10.1111/1752-1688.12800
https://doi.org/10.1016/j.tree.2020.03.011
https://doi.org/10.1098/rspb.2019.1409
https://doi.org/10.1038/s41598-021-82205-4
https://doi.org/10.1002/edn3.75
https://doi.org/10.7717/peerj.3347
https://doi.org/10.3389/fmars.2021.730063
https://doi.org/10.3389/fmars.2021.730063
https://doi.org/10.1186/1742-9994-10-34
https://doi.org/10.1016/j.envpol.2015.03.047
https://doi.org/10.1111/2041-210X.12037
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://www.R-project.org/
http://www.rstudio.com/
https://doi.org/10.1016/j.marenvres.2016.08.009


12

Vol:.(1234567890)

Scientific Reports |        (2022) 12:17782  | https://doi.org/10.1038/s41598-022-22198-w

www.nature.com/scientificreports/

	39.	 Snelgrove, P. V. R. Getting to the bottom of marine biodiversity: Sedimentary habitats: Ocean bottoms are the most widespread 
habitat on Earth and support high biodiversity and key ecosystem services. Bioscience 49, 129–138. https://​doi.​org/​10.​2307/​13135​
38 (1999).

	40.	 Stat, M. et al. Ecosystem biomonitoring with eDNA: Metabarcoding across the tree of life in a tropical marine environment. Sci. 
Rep. 7, 12240. https://​doi.​org/​10.​1038/​s41598-​017-​12501-5 (2017).

	41.	 Bott, T. L. & Borchardt, M. A. Grazing of protozoa, bacteria, and diatoms by meiofauna in lotic epibenthic communities. J. N. Am. 
Benthol. Soc. 18, 499–513. https://​doi.​org/​10.​2307/​14683​82 (1999).

	42.	 Fonseca, V. G. et al. Metabarcoding the Antarctic Peninsula biodiversity using a multi-gene approach. ISME Commun. 2, 37. https://​
doi.​org/​10.​1038/​s43705-​022-​00118-3 (2022).

	43.	 Fu, R. & Gong, J. Single cell analysis linking ribosomal (r)DNA and rRNA copy numbers to cell size and growth rate provides 
insights into molecular protistan ecology. J. Eukaryot. Microbiol. 64, 885–896. https://​doi.​org/​10.​1111/​jeu.​12425 (2017).

	44.	 Klymus, K. E., Marshall, N. T. & Stepien, C. A. Environmental DNA (eDNA) metabarcoding assays to detect invasive invertebrate 
species in the great Lakes. PLoS One 12, e0177643. https://​doi.​org/​10.​1371/​journ​al.​pone.​01776​43 (2017).

	45.	 Balsamo, M. et al. The curious and neglected soft-bodied meiofauna: Rouphozoa (Gastrotricha and Platyhelminthes). Hydrobiologia 
847, 2613–2644. https://​doi.​org/​10.​1007/​s10750-​020-​04287-x (2020).

	46.	 Avó, A. P. et al. DNA barcoding and morphological identification of benthic nematodes assemblages of estuarine intertidal sedi-
ments: Advances in molecular tools for biodiversity assessment. Front. Mar. Sci. https://​doi.​org/​10.​3389/​fmars.​2017.​00066 (2017).

	47.	 Steyaert, M. et al. Advances in metabarcoding techniques bring us closer to reliable monitoring of the marine benthos. J. Appl. 
Ecol. 57, 2234–2245. https://​doi.​org/​10.​1111/​1365-​2664.​13729 (2020).

	48.	 McElroy, M. E. et al. Calibrating environmental DNA metabarcoding to conventional surveys for measuring fish species richness. 
Front. Ecol. Evolut. https://​doi.​org/​10.​3389/​fevo.​2020.​00276 (2020).

	49.	 Yates, M. C., Fraser, D. J. & Derry, A. M. Meta-analysis supports further refinement of eDNA for monitoring aquatic species-specific 
abundance in nature. Environ. DNA 1, 5–13. https://​doi.​org/​10.​1002/​edn3.7 (2019).

	50.	 Moreno, M. et al. The use of meiofauna diversity as an indicator of pollution in harbours. ICES J. Mar. Sci. 65, 1428–1435. https://​
doi.​org/​10.​1093/​icesj​ms/​fsn116 (2008).

	51.	 Greco, M. et al. Environmental RNA outperforms eDNA metabarcoding in assessing impact of marine pollution: A chromium-
spiked mesocosm test. Chemosphere 298, 134239. https://​doi.​org/​10.​1016/j.​chemo​sphere.​2022.​134239 (2022).

	52.	 Antich, A. et al. Marine biomonitoring with eDNA: Can metabarcoding of water samples cut it as a tool for surveying benthic 
communities?. Mol. Ecol. 30, 3175–3188. https://​doi.​org/​10.​1111/​mec.​15641 (2021).

	53.	 Pawlowski, J. et al. Environmental DNA metabarcoding for benthic monitoring: A review of sediment sampling and DNA extrac-
tion methods. Sci. Total Environ. 818, 151783. https://​doi.​org/​10.​1016/j.​scito​tenv.​2021.​151783 (2022).

	54.	 Kwong, S. L. T., Villacorta-Rath, C., Doyle, J. & Uthicke, S. Quantifying shedding and degradation rates of environmental DNA 
(eDNA) from Pacific crown-of-thorns seastar (Acanthaster cf solaris). Mar. Biol. 168, 85. https://​doi.​org/​10.​1007/​s00227-​021-​
03896-x (2021).

	55.	 Zaiko, A. et al. Assessing the performance and efficiency of environmental DNA/RNA capture methodologies under controlled 
experimental conditions. Methods Ecol. Evolut. https://​doi.​org/​10.​1111/​2041-​210X.​13879 (2022).

	56.	 Gabriel, F. A. et al. Ecological risks of metal and metalloid contamination in the Rio Doce estuary. Integr. Environ. Assess. Manag. 
16, 655–660. https://​doi.​org/​10.​1002/​ieam.​4250 (2020).

	57.	 Woodall, L. C. et al. The deep sea is a major sink for microplastic debris. R. Soc. Open Sci. 1, 8. https://​doi.​org/​10.​1098/​rsos.​140317 
(2014).

	58.	 DiBattista, J. D. et al. Environmental DNA can act as a biodiversity barometer of anthropogenic pressures in coastal ecosystems. 
Sci. Rep. 10, 8365. https://​doi.​org/​10.​1038/​s41598-​020-​64858-9 (2020).

Acknowledgements
The authors thank the internal technical reviewers Marguerite Pelletier, Melanie Hedgespeth, Cathleen Wigand, 
and Joseph LiVolsi for their comments on the draft manuscript. Funding for the research discussed in this manu-
script was entirely by the U.S. Environmental Protection Agency (clearance tracking number ORD-046194). The 
authors would also like to acknowledge that the experiment was conducted and sediment cores/ mesocosms 
were collected on the traditional territory and homelands of the Narragansett people. The views expressed in this 
article are those of the authors and do not necessarily represent the views or policies of the U.S. Environmental 
Protection Agency.

Author contributions
M.S.G: designed and performed research, analyzed data, prepared figures, and wrote the manuscript; J.R.R.: 
sequenced samples, analyzed data, and contributed to the manuscript; T.L.: performed research and contributed 
to the manuscript; R.M.B.: designed research and contributed to the manuscript; K.T.H. designed research and 
contributed to the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​022-​22198-w.

Correspondence and requests for materials should be addressed to M.S.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.2307/1313538
https://doi.org/10.2307/1313538
https://doi.org/10.1038/s41598-017-12501-5
https://doi.org/10.2307/1468382
https://doi.org/10.1038/s43705-022-00118-3
https://doi.org/10.1038/s43705-022-00118-3
https://doi.org/10.1111/jeu.12425
https://doi.org/10.1371/journal.pone.0177643
https://doi.org/10.1007/s10750-020-04287-x
https://doi.org/10.3389/fmars.2017.00066
https://doi.org/10.1111/1365-2664.13729
https://doi.org/10.3389/fevo.2020.00276
https://doi.org/10.1002/edn3.7
https://doi.org/10.1093/icesjms/fsn116
https://doi.org/10.1093/icesjms/fsn116
https://doi.org/10.1016/j.chemosphere.2022.134239
https://doi.org/10.1111/mec.15641
https://doi.org/10.1016/j.scitotenv.2021.151783
https://doi.org/10.1007/s00227-021-03896-x
https://doi.org/10.1007/s00227-021-03896-x
https://doi.org/10.1111/2041-210X.13879
https://doi.org/10.1002/ieam.4250
https://doi.org/10.1098/rsos.140317
https://doi.org/10.1038/s41598-020-64858-9
https://doi.org/10.1038/s41598-022-22198-w
https://doi.org/10.1038/s41598-022-22198-w
www.nature.com/reprints


13

Vol.:(0123456789)

Scientific Reports |        (2022) 12:17782  | https://doi.org/10.1038/s41598-022-22198-w

www.nature.com/scientificreports/

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

http://creativecommons.org/licenses/by/4.0/

	Environmental RNA as a Tool for Marine Community Biodiversity Assessments
	Methods
	Sediment core collection and mesocosm setup. 
	Mesocosm maintenance and experimental design. 
	Nucleic acid collection. 
	Amplification of 18S and COI markers. 
	PCR cleanup and library preparation. 
	Sequencing and analysis. 
	Statistical analysis. 

	Results
	Sample richness. 
	Taxonomy. 
	Alpha diversity. 
	Beta diversity. 

	Discussion
	Conclusions
	References
	Acknowledgements


