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Environmental DNA is increasingly being used in marine invasive species surveillance
despite the inability to discriminate between contemporary intracellular (i.e., living) and
extracellularly persistent (i.e., legacy) DNA fragments. Environmental RNA is emerging as
a powerful alternative when distinguishing the living portion of a community is essential.
A positive relationship between DNA and RNA signals may justify the use of DNA
only for more rapid and cost-effective detections. In this study environmental DNA
and RNA were co-extracted from settlement plates and water samples collected in an
Auckland harbor, New Zealand. Samples were analyzed using a specific droplet digital
PCR assay for the invasive Mediterranean fanworm (Sabella spallanzanii), combined
with metabarcoding of metazoan communities (Cytochrome c oxidase subunit I). The
number and magnitude of S. spallanzanii detections was higher in DNA compared
to RNA, and in water samples. An assessment of detection sensitivity and specificity
using a Receiver Operator Characteristics (ROC) analysis supported a relationship
between the magnitude of DNA signal and the likelihood of RNA detection for
both sampled matrices. A prediction threshold of 400 COI copies in DNA samples
provides an indicator for the detection of eRNA, hence the putative presence of living
S. spallanzanii population under the conditions tested in this study. Metabarcoding
community analysis revealed the taxonomic composition of the water samples to
be more diverse than the plate samples which were largely dominated by mollusks.
There was a strong association between mollusks and presumed extracellular droplet
digital PCR signals. Nevertheless, droplet digital PCR detection signals based on
environmental DNA were negatively correlated with metabarcoding diversity indices
on plates. This highlights complex interactions between environmental DNA and RNA
detections and environmental matrices that can affect targeted approaches. These
interactions need to be considered when designing surveillance programs.

Keywords: metabarcoding, droplet digital PCR, environmental DNA, environmental RNA, Sabella spallanzanii,
non-indigenous species
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INTRODUCTION

The globalization of maritime trade has played a key role in
the accelerated spread of marine non-indigenous species (NIS).
Two of the most common vectors are ballast water and hull
fouling, with marinas and ports commonly succumbing to initial
infestations. Successful NIS often show high tolerance levels
to extreme conditions, which partly explains their successful
establishment in habitats where human-induced pressures are
high (Ojaveer et al., 2018). Reliable surveillance programs
are critical for early detection and efficient management
of NIS (Hewitt et al., 2009). Current surveillance at ports
generally involve visual surveys undertaken by divers. These
can be dangerous, time and cost consuming, and taxonomic
identification can be challenging especially for juvenile life stages
or cryptic species.

Molecular methods aimed at characterizing and quantifying
DNA from environmental samples (eDNA) can be used to
complement existing techniques and lead to more sensitive and
cost-efficient surveillance programs for marine NIS. In this study,
we define environmental DNA as the genetic material extracted
in bulk from an environmental sample such as soil, sediment,
air or water (Taberlet et al., 2018). The eDNA in such samples
originates from organisms’ body parts, or cells from feces,
epidermal mucus, urine, saliva, gametes or other sources (Rees
et al., 2014). Environmental DNA is relatively stable, especially
when bound to other organic particles (Lindahl, 1993; Strickler
et al., 2015). Dead biomaterial or extracellular DNA can be
transported into a sampling region from a significant distance,
therefore the detection of eDNA does not necessarily confirm
the presence of living organisms, nor automatically indicate that
live organisms occur in close proximity (Macher and Leese,
2017; Cristescu and Hebert, 2018). In contrast, environmental
RNA (eRNA) is believed to deteriorate more rapidly due to
the chemical composition (hydroxyl groups) which makes this
molecule more prone to hydrolysis or degradation (Dowle
et al., 2015; Guardiola et al., 2016; Laroche et al., 2016, 2017).
Environmental RNA may therefore provide a better proxy for
inferring the presence of living organisms (Thomsen et al., 2012a;
Sassoubre et al., 2016; Pochon et al., 2017; Cristescu, 2019).
However, working with eRNA requires specialized storage of
samples, and expensive and time-consuming workflow protocols;
potentially limiting its applicability to routine monitoring
programs (Wood et al., 2019a).

A suite of different molecular techniques have been applied
for analyzing eDNA/eRNA in marine samples which allow
for either single species detection or community-wide
taxonomic characterization (Wood et al., 2013). For the latter,
metabarcoding has predominantly been used to characterize
biodiversity and explore community/functional shifts in response
to natural or anthropogenic perturbations (Langlet et al., 2013;
Aylagas et al., 2014, 2018; Pawlowski et al., 2016; Keeley et al.,
2018; Laroche et al., 2018; Stoeck et al., 2018). Metabarcoding
utilizes universal primers that target taxonomically informative
genes such as, the nuclear small subunit ribosomal RNA (18S
rRNA) or the mitochondrial Cytochrome c Oxidase subunit I
(COI) genes (Tanabe et al., 2016; Stat et al., 2017; Bista et al.,

2018; Wangensteen et al., 2018). In the context of surveillance
for marine NIS, this approach holds great potential but has
limitations, including challenges in identifying NIS at species
level due to the lack of sufficiently resolved phylogenetic markers,
incomplete reference databases, primer biases and sequencing
artifacts, which all may lead to false positive or negative results
(Brown et al., 2016; Ammon et al., 2018; Cristescu and Hebert,
2018). Targeted methods, e.g., species-specific qPCR, may offer a
more sensitive approach for effective detection of specific marine
NIS (Wood et al., 2017). However, species-specific assays need
to be designed based on a priori knowledge of target organisms.
Droplet digital PCR (ddPCR) is a real time PCR technology
that divides eDNA/eRNA template into thousands of nanoliter
droplets, each containing a single target molecule. Within each
droplet, a PCR is conducted, and the outcome visualized via the
presence or absence of a fluorescence signal. The number of target
copies can be calculated on the positive-negative droplet relation,
allowing direct quantification without the need for standard
curves (Baker et al., 2018). When using ddPCR, the parallel
processing of thousands of reactions enables the detection of
very low target concentrations while minimizing PCR inhibition
and removing the need for technical replicates, thereby reducing
analysis costs and time (Nathan et al., 2014; Doi et al., 2015).
While these molecular tools are very promising and increasingly
advocated for marine NIS surveillance, there is still limited
knowledge on the factors affecting detection probabilities (Wood
et al., 2019b). For example, there is a need for more research
to determine if the complexity of sampling matrices affects
the detection efficiency and whether eDNA binds to certain
environmental matrices for longer periods of time. Furthermore,
additional information on the relationship between eDNA and
eRNA signals will assist in determining whether the use of
eDNA in isolation can accurately predict if living organisms are
present near the collection source, thus making these tools more
cost-effective for routine biomonitoring programs.

The Mediterranean fanworm, Sabella spallanzanii, is a marine
NIS that has established in New Zealand and Australia. It
is thought to have been transported to Australia initially as
biofouling on vessels from Europe, with consequences for
native ecosystems (Read et al., 2011). High tolerance levels to
anthropogenic stressors such as pollution and heavy metals,
early maturity, high reproductive capacity and the ability to
regrow from body parts contribute to its successful invasion (Lee
et al., 2018). It can grow in dense aggregations, affecting oxygen
and nutrient cycles, and therefore severely change ecosystem
functions (Stabili et al., 2006). Sabella spallanzanii was first
detected in Australia in 1965, where it rapidly spread across
locations near Port Phillip Bay (Melbourne), affecting the natural
environment through overgrowing subtidal habitats, and leading
to changes in a demersal fish population (Parry et al., 1995;
Currie et al., 2000). As a result, S. spallanzanii was designated an
unwanted organism under the Biosecurity Act of New Zealand,
and became the subject of targeted surveillance since 2002
(Hewitt et al., 2004; Inglis et al., 2005; Read et al., 2011). The
species was detected in Lyttelton Harbor (Christchurch, South
Island of New Zealand) in 2008, where eradication efforts were
immediately initiated and the populations has been maintained
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at low densities (Inglis et al., 2008, 2009; Fletcher, 2014). This
example highlights how marine monitoring programs that allow
for the detection of NIS prior to their widespread establishment
can enable effective management strategies (Bax et al., 2003; Tait
et al., 2018). Despite its early detection, S. spallanzanii has spread
to other locations in New Zealand, particularly in the Auckland
region, likely due to multiple incursions and secondary spread via
domestic pathways.

The aim of the present study was to investigate positive
relationships between DNA and RNA signals that may justify the
use of DNA only for more rapid and cost-effective detection of
S. spallanzanii using eDNA and/or eRNA samples from water and
biofilm samples, and explore the potential effect of biodiversity
and community composition (determined using metabarcoding)
on these. Water and biofilm samples were collected from
the Viaduct Harbor (Auckland, New Zealand), where dense
S. spallanzanii populations are established (Jute, 2015; Woods
et al., 2018). The objectives of the study were to determine: (1)
if S. spallanzanii COI gene copy numbers (determined using
ddPCR) from eDNA are a good predictor of the magnitude
of eRNA signal in co-extracted samples; (2) whether the
relationship between these eDNA-eRNA signals vary between
water and settlement plate samples; and (3) to what extent
assemblage diversity influences the detection of S. spallanzanii
using ddPCR across environmental matrices. Therefore, species
diversity in eDNA and eRNA samples were determined using
metabarcoding to investigate differences between water and plate
biofilm samples.

MATERIALS AND METHODS

Field Sampling
Sampling took place in Auckland Viaduct Harbor, New Zealand
(36.84◦ S, 174.76◦ E), between 19 July and 6 November 2018.
Two vertically oriented PVC plates (15 × 15 cm) were attached
to a rope 3 m above the seafloor at an average depth of 4
to 5 m at 6 sites spaced approximately 100 m apart. Dense
populations of S. spallanzanii were visible on the harbor
structures approximately 1 to 2 m away from the plates.

Plate sampling was undertaken every 4 weeks for 4 months
(n = 48). Plates were retrieved from the water and the
biofilm material removed using sterile stainless-steel surgical
blades (Swann-Morton, Sheffield, United Kingdom), and isolated
into sterile 1.5 ml tubes (Merck KGaA, Darmstadt, Germany)
containing 1 ml LifeGuardTM Soil Preservation Solution
(QIAGEN, Hilden, Germany). Samples were frozen (−80◦C)
immediately until further processing. After sampling, each plate
was thoroughly wiped and rinsed with seawater from the
respective site and redeployed.

Over the same 4 months period, water samples were collected
fortnightly at the corresponding 6 locations (n = 48). Seawater (in
total 60 l) from 3 depths (1 m below surface, 1 m above seafloor
and the middle of the water column) was sampled using a 12V
Seaflo 21 Series Water Pressure Pump 3.8LPM (MarineDeals,
Auckland, New Zealand), following the method described in
Woods et al. (2018). Briefly, water from the three depths was
combined and pre-filtered through a 20 µm plankton mesh. To

condense all biomaterial for eDNA/eRNA extraction, seawater
(ca. 50 ml) from each site was used to re-suspend the material
captured on the mesh and the re-suspended material was filtered
onto nitrocellulose membrane filters (pore size 0.45 µm; Merck
KGaA, Darmstadt, Germany). Filters were cut in half, each half
stored in LifeGuardTM Soil Preservation Solution (QIAGEN,
Hilden, Germany). Samples were frozen (−80◦C) immediately
until further processing.

Between each sampling location, all sampling equipment was
soaked in 5% bleach (sodium hypochlorite) solution for at least
5 min and rinsed with water from the new sampling location to
prevent cross-contamination.

Laboratory Analysis
Each step of the molecular analysis (i.e., DNA/RNA extractions,
PCR, ddPCR, and metabarcoding library preparations) was
conducted in a separate sterile laboratory dedicated to that step
with sequential workflow to ensure no cross-contamination.
Each room was equipped with ultra-violet sterilization which
was switched on for a minimum of 15 min before and
after each use. The PCR set-up and template addition was
undertaken in laminar flow cabinets with HEPA filtration.
Aerosol barrier tips (Axygen BioScience, CA, United States) were
used throughout.

DNA/RNA Extraction
Biofilm from each of the 48 plate samples was centrifuged
(10,000 × g, 2 min), and the supernatant discarded before
extracting the nucleic acids from the resulting pellets. These
were sub-sampled if the total mass exceeded 0.2 g. The 48
filters from water sampling were directly transferred into
ZR BashingBead Lysis Tubes (2.0 mm; Zymo Research, CA,
United States) containing Lysis Buffer (1 ml) from the ZR-
DuetTM DNA/RNA MiniPrep Kit Plus (Zymo Research, CA,
United States). All samples were homogenized via bead beating
for 2 min (1600 MiniG Spex SamplePrep, NJ, United States),
and centrifuged (10,000 × g, 5 min, 20◦C; Eppendorf Centrifuge
5430R, Hamburg, Germany). Total DNA and RNA were then
co-extracted from each sample using the ZR-DuetTM DNA/RNA
MiniPrep Kit Plus (Zymo Research, CA, United States), following
the manufacturers protocol and extraction blanks were included
for each extraction series.

The quantity and quality of extracted DNA were measured
using a NanoPhotometer (Implen, Munich, Germany). Trace
DNA in isolated RNA was eliminated by two sequential DNase
(TURBO DNA-freeTM Kit, Thermo Fisher Scientific, MA,
United States) treatments following Langlet et al. (2013).
Treated RNA was diluted to 10 ng/µl equimolar concentrations
and reverse transcribed into cDNA using the SuperScriptTM

III reverse transcriptase (Thermo Fisher Scientific, MA,
United States). All extracted products were stored frozen
(−20◦C) for DNA and cDNA, and at −80◦C for RNA backup
samples until further analysis.

Droplet Digital Polymerase Chain Reaction
Sabella spallanzanii-specific COI copy numbers were quantified
using ddPCR for all 48 plates and 48 water samples, including
all negative extraction controls (DNA and RNA) on a QX200
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Droplet Digital PCR SystemTM (Bio-Rad, CA, United States).
Sabella spallanzanii specific COI primers (Sab3F: 5′-GCT CTT
ATT AGG CTC TGT GTT TG-3′) and (Sab3R: 5′-CCT CTA
TGT CCA ACT CCT CTT G-3′) and Taqman probe Sab3 (5′-
FAM/AAA TAGT TCA TCC CGT CCC TGC CC/BkFQ-3′) were
used as described in Wood et al. (2017). Each ddPCR reaction
included 450 nM of each primer and probe, 1 × BioRad ddPCR
Supermix for probes, 3 µl DNA or 1.5 µl cDNA, and sterile water
for a total reaction volume of 22 µl. The BioRad QX200 droplet
generator partitioned each reaction mixture into approximately
20,000 nanodroplets by combining 20 µl of the reaction mixture
with 70 µl of BioRad droplet oil. After processing, this resulted in
a total nanodroplet volume of 40 µl, which was transferred to a
PCR plate for amplification using the following cycling protocol:
hold at 95◦C for 10 min, 40 cycles of 94◦C for 30 s, 60◦C for 1 min,
and a final enzyme deactivation step at 98◦C for 10 min. Each
well of the plate was then individually analyzed on the QX200
instrument to establish the threshold value separating negative
and positive droplets and perform absolute quantification of
target DNA or cDNA (hereafter referred to as RNA). A positive
control of extracted DNA from S. spallanzanii tissue and negative
(MQ-water) control was included on each plate.

The results were converted to copies per sample using the
formula: number of copies per µl × 22 [the initial volume of the
PCR reaction (µl)]× 60 [the volume used to elute the DNA/RNA
during extraction (µl)].

Metabarcoding of Cytochrome c Oxidase I (COI) and
Bioinformatics
Based on the ddPCR results a subset of DNA and RNA water
and plate samples (n = 36) was selected for metabarcoding.
The samples were selected to allow a balance of DNA/RNA
detection and non-detection samples (Supplementary Table S3).
A fragment of the COI gene (∼ 300 bp) was amplified with the
primers mlCOIintF (5′-GGW ACW GGW TGA ACW GTW TAY
CCY CC-3′) and jgHCO2198 (5′-TAI ACY TCI GGR TGI CCR
AAR AAY CA-3′ (Leray et al., 2013). Polymerase Chain Reaction
was performed using fusion tag primers consisting of IlluminaTM

adapter sequences, indexes and the COI-specific primers as in
Supplementary Table S1. Amplifications were undertaken on an
Eppendorf Mastercycler (Eppendorf, Hamburg, Germany) in a
total volume of 50 µl using 25 µl of MyFiTM Mix (Bioline, MA,
United States), 2 µl of each primer, 18 µl of DNA-free water, and
3 µl of template DNA. Thermocycling conditions were: 95◦C for
2 min, followed by 45 cycles of 95◦C for 20 s, 52◦C for 20 s, 72◦C
for 20 s, and a final extension of 72◦C for 10 min. Two samples
containing 1 µl of ddH2O instead of DNA/cDNA were used as
“no-template” negative controls.

Purification was performed following the AgencourtTM

AMPureXP protocol (Beckman Coulter, Brea, United States),
using magnetic beads, and products were quantified with the
QubitTM 2.0 Fluorometer (Invitrogen, Carlsbad, United States).
Purified amplicons were diluted to 3 ng µl−1 and pooled
together. Sequencing was undertaken at the Trace and
Environmental DNA (TrEnD) Laboratory at Curtin University
(Perth, Australia); paired-end sequences (2 × 250) were
generated using a 500 cycle MiSeqTM V2 Reagent Kit and

standard flow cell on an IlluminaTM MiSeq and metabarcoding
reads recovered by paired-end sequencing using the IlluminaTM

MiSeq analysis software under the default settings.
Sequences have been deposited in the NCBI’s Sequence Read

Archive under BioProject ID PRJNA 555091, sample accession
SAMN 12291989-2081.

The raw sequence files were demultiplexed with the
adapters, and primers removed using fastq-multx (Version
1.3.1). All further bioinformatics analysis was undertaken
in QIIME2/2018.2 (Caporaso et al., 2010). Sequences were
quality filtered, denoised, merged and dereplicated into
Amplicon Sequence Variants/sub-Operational Taxonomic
Units (ASVs) using the Deblur program with default settings
(Amir et al., 2017). De novo and reference-based chimera
detection and removal was performed using a customized
database compiled from the MIDORI (Machida et al., 2017)
and Barcode Of Life Database [BOLD; Ratnasingham and
Hebert (2007)]. Taxonomy was assigned using Megablast
(Morgulis et al., 2008), and the National Center of Biotechnology
Information’s (NCBI) nucleotide collection (nr/nt) database
(Coordinators, 2017), with a maximum of 10 best-matching
sequences, e-value of 0.001 and minimum sequence coverage
of 80%. Using hits with the lowest e-value, query sequences
were assigned at species level if similarity of the hit was
greater or equal to 97%. Otherwise, the last common
ancestor among the ten best hits was used for assignment
to higher taxonomic ranks. The number of reads for
each ASV found in negative controls were subtracted
across all other samples following the method described in
Bell et al. (2018).

Statistical Analysis
The ddPCR copy numbers per sampling time were visualized
using boxplots [Primer-E Ltd., v.7; Plymouth, United Kingdom;
Clarke and Gorley (2015)] and relationships between ddPCR
copy numbers of DNA and RNA data for the two different sample
types (water and plate samples) assessed using linear regressions.
Regressions and corresponding F-statistic were derived from
log(x+1) transformed data using the “lm” function implemented
in R (v 3.4.1. R Core Team, 2017).

Receiver Operator Characteristics (ROC) analysis (Robin
et al., 2011) was applied to verify predictive capacity of DNA
signal strength for S. spallanzanii RNA detection (considered as
a signal from living organisms). The principle of ROC analysis
is to plot the relationship between the true positive rate (y-axis),
against the false positive rate (x-axis). The true positive rate
gives the sensitivity or probability of detection, while the false
positive rate or the probability of a false positive detection is
calculated as 1 – specificity (where “specificity” is calculated as
the ratio of the true negatives divided by the true negatives plus
false positives, which are derived from consistent values among
DNA and RNA detections per sample). The area under the curve
(AUC) is a measure of the response to predictor, with 100% value
indicating perfect prediction. The most sensitive and specific
response (the most upper left value in the curve) indicates the
optimal predictor threshold value. To generate a graphical plot
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illustrating diagnostic ability of the DNA signal, the AUC and the
threshold values optimized for best prediction were computed.
Droplet digital PCR DNA copy number data were used as a
predictor and presence-absence of ddPCR RNA amplicons as a
signal (binary classifier). The ROC analyses were run for water
and plates data separately and resulting curves were compared
undertaking the default (DeLong) test implemented in “pROC”
package in R (Robin et al., 2011).

For metabarcoding analyses, singletons were discarded and
samples were grouped into the water or plate datasets, from
which two datasets were created: 1) ASVs found in RNA-
extracted samples (i.e., cDNA), hereafter referred to as “eRNA”
and 2) ASVs found in DNA-extracted samples, hereafter referred
to as “eDNA.” Venn diagrams were created using Venny
(Oliveros, 2007-2015) to visualize the proportion of overlapping
ASVs within each dataset. Bar plots were created based on the
relative abundance of the above mentioned datasets summed at
the phylum level using the R package “phyloseq” (McMurdie
and Holmes, 2013). For alpha and beta-diversity analysis,
metabarcoding datasets were rarefied to 5,000 reads per sample
(Supplementary Figure S3) and Principal coordinate analysis
(PCO) was performed on the “eRNA” and “eDNA” datasets to
visualize differences between plate and water samples (Primer-E
Ltd., v.7; Plymouth, United Kingdom; Clarke and Gorley (2015).
Taxa summed at the phylum level and alpha diversity indices were
overlaid as vectors on two-dimensional plots, if they showed a
Pearson correlation r ≥ 0.5 with the datasets. The corresponding
ddPCR copy numbers of S. spallanzanii were displayed as vectors
regardless of their correlation value.

Alpha diversity indices (Margalef ’s species richness, Shannon
diversity and Pielou’s evenness) were calculated per sample and
raw IlluminaTM reads of each metabarcoding dataset (eRNA
and eDNA) were related to the ddPCR copy numbers of
the corresponding “eRNA” and “eDNA” samples using linear
regressions with the “lm” function and relations tested for
significance, implemented in R (v 3.4.1. R Core Team, 2017).

RESULTS

Relationships Between Environmental
RNA and DNA Signals Measured Using
Droplet Digital Polymerase Chain
Reaction
Sabella spallanzanii was detected in 35% of RNA samples
(14% plate and 55% water) and 68% of all DNA samples
(55% plate, 77% water). Sabella spallanzanii was detected in
44% of DNA samples with no corresponding RNA detections
(20 plate samples and 23 water samples). In contrast it was
detected in 4% of the RNA samples with no detections in
the corresponding DNA samples (1 plate sample and 3 water
samples) (Supplementary Table S1).

RNA copy numbers varied between 0 and 1020 for plate
samples, while in water samples the maximum value was
1,560,360 copies (26 September 2017) and higest average copy
numbers (39,660 copies) on the 29 August 2017 (Figure 1). For

DNA, copy numbers varied between 0 and 367,620 on plate
samples and 0 and 1,807,800 in the water, with the highest values
reached also on the 29 August 2017. This is within the time
span that S. spallanzanii is expected to spawn in New Zealand
(Jute, 2015). However, given the limited temporal coverage
(4 months) and resolution (2–4 weeks between samples) of the
study, temporal patterns were not explored in detail. Rather, we
focused on the relationships between DNA/RNA signal and the
influence of community composition on detection.

When all data on detections and non-detections were
included, there was no clear relationship between the copy
numbers of S. spallanzanii RNA and DNA ddPCR recorded
from the plate samples (R2 = 0.19, p = 0.99; Supplementary
Figure S2), and a weak but significant relationship in samples
of water (R2 = 0.32, p < 0.001; Supplementary Figure S2).
When zero values (i.e., whether the copy number of DNA or
RNA was 0) were excluded from the analysis there was a strong
correspondence between the copy numbers of RNA and DNA
in both sample types (plate: R2 = 0.98, p = 0.008; and water:
R2 = 0.95, p < 0.001; Supplementary Figure S2).

The ROC analysis for both plate and water datasets
showed that the response of S. spallanzanii RNA signal to
DNA copy numbers was strong, with a higher response
detected for plate samples (AUC = 81%) compared to water
samples (71.8%; Figure 2). However, there was no significant
difference between the ROC values of plate and water samples
(DeLong’s test, p = 0.428). The best sensitivity-specificity
combination (optimal threshold) was reached at 404 copies
for plate samples, compared with 422 copies for water
samples (Figure 2).

Community Diversity in Environmental
DNA and RNA Measured Using
Metabarcoding
The total number of raw COI reads obtained for the 36 eDNA and
36 eRNA amplicons, were 3,027,021 and 2,688,149, respectively.
These resulted in 730,210 and 593,468 paired-end, quality filtered
and non-chimeric sequences comprising 3671 and 1872 ASVs
excluding singletons.

The plate samples contained a higher proportion of eDNA
ASVs (69.6%) compared to water samples (49.1%; Figure 3).

Among plate samples, the majority of phyla present in the
eRNA component belonged to Mollusca (61%) and Arthropoda
(23%). These two phyla were also dominant in the eDNA dataset
but at slightly lower abundance (Figure 4).

At phylum level, the taxonomic composition of the water
samples was more diverse than the plate samples (see also
Supplementary Table S2). The majority of eRNA ASVs were
Arthropoda (34%), Mollusca (12%), Bacillariophyta (11%) and
Porifera (9%). The eDNA dataset was similar with lower
abundance of Arthropoda (25%) and Mollusca (10%), but higher
abundance of Porifera (19%), and was characterized by a slightly
higher proportion (21%) of unassigned taxa (Figure 4). There
were no ASVs assigned to S. spallanzanii when screening the
metabarcoding taxonomy at species level instead 411 reads across
10 of 27 total water samples (390 reads) and 3 of 17 total
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FIGURE 1 | Boxplots displaying log(x+1) transformed DNA or RNA copy numbers per sample and determined by droplet digital PCR for plate and water samples
over the study period. Colors align with sampling dates.

FIGURE 2 | Receiver operator characteristics (ROC) with DNA copy numbers used as a predictor of S. spallanzanii RNA presence (binary classifier), for plate (A) and
water (B) samples. The area under curves (AUC) represents a measure of the response to the predictor, where 100% represents a perfect predictor, and 50% a
non-informative predictor. An estimate of an optimal threshold is indicated, showing the DNA copy number corresponding to the best specificity-sensitivity
combination (specificity, sensitivity% in parentheses).

plate samples (21 reads) were assigned to Sabella pavonina
(e.g., GenBank accession number Sequence ID: KF369181.1)
and Parasabella aberrans (e.g., GenBank accession number
Sequence ID: LT717714.1). However, Wood et al. (2019b)
constructed phylogenetic trees containing all Sabella sequences
which indicated that the target gene could not distinguish these
closely related Sabellidae species.

Correlations Between Droplet Digital
PCR and Metabarcoding Data Detections
The eRNA dataset displayed the stronger separation of samples
compared with the eDNA data (Figure 5A). Mollusca were
strongly correlated with a subset of the plate samples while
Chlorophyta, Arthropoda, Bacillariophyta and Rotifera displayed
strong correlation with the cluster of water samples. All
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FIGURE 3 | Venn diagrams displaying shared and unique Amplicon Sequence Variants (ASVs) between environmental RNA and unique ASVs among environmental
DNA datasets for: (A) plate samples, and (B) water samples.

FIGURE 4 | Percentage bar plots showing the relative abundance of
sequence reads at the phylum level from environmental RNA and DNA
metabarcoding data for plate and water samples.

alpha diversity parameters (Margalef ’s species richness, Shannon
diversity and Pielou’s evenness index) were also strongly
associated with the water samples. In contrast, the displayed
S. spallanzanii ddPCR water copy numbers did not indicate a
significant correlation with any sample group but was directed
toward the water samples cluster. The vector for S. spallanzanii
ddPCR plate copy numbers was most strongly correlated
with plate samples.

The eDNA dataset (Figure 5B) formed two separate clusters
for plate and water along the x-axis. Similar to the “eRNA” sample
fraction, the plate data were dispersed along the y-axis, the lower
samples correlating with Mollusca and S. spallanzanii ddPCR
plate counts (Figure 5B). Chlorophyta, Annelida and Rotifera
were strongly associated (Pearson r > 0.5) with the water samples.
All alpha diversity vectors, Bacillariophyta and Phaeophyceae
demonstrated opposite trend to the Mollusca and S. spallanzanii
vectors, suggesting negative correlation with those variables.

The calculated alpha diversity parameters [Margalef ’s species
richness, Shannon diversity, and Pielou’s evenness index
(Supplementary Table S2)] were compared to the corresponding
ddPCR copy numbers for S. spallanzanii, to investigate the
potential influence of sample background diversity on the
target detectability. Relationships resulted in non-significant
correlations for most comparisons between ddPCR copy
numbers and Margalef ’s species richness, Shannon diversity, as
well as with Pielou’s evenness for both eDNA versus eRNA sample
types (Table 1). However, eDNA ddPCR copy numbers for plate
samples resulted in marginally negative correlations to Margalef ’s
species richness (p = 0.045) and Shannon diversity (p = 0.03)
(Supplementary Figure S4).

DISCUSSION

For the purposes of marine biosecurity surveillance
discriminating between the detection of “legacy” signals
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FIGURE 5 | Principal coordinate (PCO) biplots generated from rarefied data of: (A) environmental RNA samples, and (B) environmental DNA samples. Overlaid
vectors show phyla and alpha diversity parameters, those significantly correlating with either of the two primary axes are displayed (Pearson correlations > 0.5).
Additionally, the corresponding S. spallanzanii droplet digital PCR copy numbers for water and plate samples were overlaid as vectors (black vectors).

TABLE 1 | Linear regressions between alpha diversity indices of the metabarcoding dataset and corresponding droplet digital PCR copy numbers for the RNA and DNA
data and split between plate and water samples.

Margalef’s richness Shannon diversity Pielou’s evenness

R Pr(>F) R Pr(>F) R Pr(>F)

eRNA plate samples −0.1 0.688 −0.05 0.823 −0.05 0.84

eRNA water samples −0.08 0.689 −0.17 0.379 −0.37 0.08

eDNA plate samples −0.48 0.045∗ −0.5 0.03∗ −0.44 0.06

eDNA water samples 0.12 0.55 0.2 0.336 0.2 0.29

Significant relationships are marked with ∗ and displayed as regression curves in Supplementary Figure S4.

and live organisms, for example when evaluating the success
of an eradication program or compliance control, is preferable
(Pochon et al., 2017; Zaiko et al., 2018). Since RNA is directly
linked with active gene expression of metabolic pathways
and deteriorates rapidly after cell death, it may be a better
proxy for detecting “live” signals in environmental samples
(Darling et al., 2017; Cristescu, 2019). However, cellular
RNA production can vary enormously (over 3 orders of
magnitude), largely due to varying transcription rates of
ribosomal RNA (Fegatella et al., 1998). Additionally, working
with RNA requires the conversion of RNA into cDNA which
introduces additional costs and processing time. While
ddPCR technology is particularly sensitive (Wood et al.,
2019b), it is not immune to inhibition (Racki et al., 2014;
Goldberg et al., 2016). The influence of community diversity
and different sample matrices is still relatively unexplored
(Zaiko et al., 2018).

Detections and Correlations Between
RNA and DNA Copy Numbers
Determined Using Droplet Digital PCR
The results from the present study yielded surprisingly low-level
detections of S. spallanzanii, given that high density populations
were present in close vicinity to the sampling sites. Usually
high species density has been shown to correlate with increased
DNA detections (Thomsen et al., 2012b; Pilliod et al., 2014;
Jo et al., 2019).

A suite of factors may potentially explain the low eDNA
and eRNA detections, such as insufficient sampling strategies
or effort and PCR issues (Goldberg et al., 2016). For example,
the 20 µm pre-filtering step used in the present study would
likely prevent “free” extracellular eDNA/eRNA molecules from
being appropriately collected apart from binding to other
larger particles (Woods et al., 2018). On the other hand, this
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pre-filtering step allowed for a higher sample volume which has
been shown to minimize false negative errors (Moyer et al., 2014).
High intraspecific variations due to multiple sympatric invasions
can lead to the failure of species-specific primers (Cowart et al.,
2018). While new haplotypes might continuously arrive on
transport vectors and contribute to intraspecific variation, genetic
diversity among S. spallanzanii individuals has previously been
found to be minimal (Ahyong et al., 2017). More likely is
that the target species’ morphology, life cycle and peculiarities
of the sampling matrix all potentially impact the availability
and concentration of DNA or RNA molecules for detection
(Sassoubre et al., 2016; Deiner et al., 2017). Cell shedding
from S. spallanzanii’s fragile tentacle crown, and mucus or
gametes released during several spawning events throughout
the year, should both increase the amount of free-floating
molecular material (Jute, 2015; Lacoursiere-Roussel et al., 2016).
However, limited knowledge of species-specific eDNA/eRNA
shedding rates and distribution patterns constrains our ability to
infer the expected signal strength from environmental samples
(Murakami et al., 2019).

This study showed that there is a relationship between
the magnitude of eDNA signal and the likelihood of eRNA
detection for both sampled matrices. The prediction threshold
of approximately 400 eDNA copies may be used as a tentative
indicator for inferring the presence of living S. spallanzanii
population in the conditions tested in this study. Rapid and
different degradation rates between RNA and DNA molecules
may limit the detection success and prediction threshold
(Thomsen et al., 2012a; Deutschmann et al., 2018). There is
not much empirical information available on eRNA degradation
in the marine environment, but it is assumed to degrade
significantly faster than eDNA due to its more fragile chemical
structure (Dowle et al., 2015; Guardiola et al., 2016; Laroche
et al., 2016, 2017). A recent in situ study specifically on
S. spallanzanii could trace DNA signals for up to 42 h, while
RNA could not be recovered after 13 h of organism removal
from the tank (Wood et al., in preparation). The decay rate
is likely accelerated in natural settings depending on biotic
and abiotic parameters (Dell’Anno and Corinaldesi, 2004).
Unexpected observations showed a decline in specific eDNA
degradation under increasing oxygen demand, chlorophyll and
total eDNA, further highlighting the need to better understand
these correlations (Barnes et al., 2014).

Another complexity is a lower RNA recovery rate for
certain preservation and extraction procedures, which
can yield as little as just 5% of the original concentration
and should be tested individually for each study (Lebuhn
et al., 2016). Better understanding of factors affecting
detectability of molecular signals from different matrices is
important for optimizing sampling strategies for targeted
eDNA/eRNA-based surveillance and correctly interpreting
the derived data in the biosecurity context. We recommend
further controlled experiments to verify these thresholds
under different environmental conditions (temperature,
pH, UV exposure, etc.) and densities of the respective
target organisms.

Effect of Sample Matrices on the ddPCR
Detection Signals
Most marine or freshwater studies that use eDNA for monitoring
purposes currently focus on water as the preferred sample
medium, as it provides a homogenously distributed sample
matrix and can be concentrated relatively easily through
filtration (Thomsen et al., 2012b; Rees et al., 2014; Smith,
2017) but contradicting opinions exist, e.g., Goldberg et al.
(2016). Sampling other matrices such as sediments may reduce
detection probability due to patchy distributions of target eDNA
(Andersen et al., 2012) and overall lower spatial coverage
due to restricted starting material afforded by current eDNA
isolation methods. Sample type and volume have been shown
to have a significant effect on recovered biodiversity but also
on particular detections of certain organisms (Moyer et al.,
2014; Nascimento et al., 2018). Sampling strategies need to be
adapted toward the target species’ biological traits and life cycle
(Rees et al., 2014; Furlan and Gleeson, 2017; Harper et al.,
2018; Holman et al., 2019). Sabella spallanzanii has a very
short free-swimming larval phase (2–3 weeks) but primarily
lives attached to hard substrates, typical to invasive hull foulers
(Lee et al., 2018). Tait et al. (2018) therefore used settlement
plates to increase NIS detections by conventional morpho-
taxonomical methods. A further possible value of plates for
molecular surveillance is their potential to accumulate free
floating debris and thus enrich eDNA concentrations over time.
However, in the current study DNA- and RNA-based detections
of S. spallanzanii were on average higher in the water samples
than in those collected from the adjacent settlement plates.
This may be due to the more rapid degradation of eDNA and
eRNA on settlement plates due to high microbial activity in the
biofilm communities (Jo et al., 2019). For example, Dell’Anno
and Corinaldesi (2004) found accelerated DNA degradation rates
in sediment compared to water. Alternatively, a high density of
organisms and contaminants may lead to amplification biases
and interfere with specific PCR signals from plate samples.
Using a combination of sampling matrices to target living
tissue and extracellular DNA is advisable especially given that
varying habitats may reveal drastically distinct communities
(Hayes et al., 2005; Hanfling et al., 2016; Port et al., 2016;
Macher and Leese, 2017; Holman et al., 2019; Koziol et al.,
2019). This is consistent with findings by Woods et al. (2018),
who suggested that plate and water matrices might accumulate
different amounts of “legacy” eDNA (i.e., non-viable biomaterial
or extracellular DNA) and that the presence of specific organisms
on plates (e.g., a high diversity of mollusks with calcified
shells) may affect the sensitivity of the ddPCR assay through
inhibition.

The Impact of Community Diversity on
ddPCR Detections
The high variation in ddPCR detections between sampling
matrices, within replicates and among sampling times in the
present study suggests that another variable such as the sampled
community may be affecting the detection sensitivity of the
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assay. Metabarcoding was undertaken to further investigate the
potential influence of these communities.

Metabarcoding is a promising tool for passive surveillance but
often fails to detect rare taxa due to primer biases and variable
(taxa- or sample-specific) amplification efficiency (Valentini et al.,
2016). This might be the case in the present study, where
S. spallanzanii was not detected at a species-level using the
“universal” COI primers, although known to be obtained from
complex environmental samples in other studies using the same
primer set (Ammon et al., 2018). This underlines again the
importance of a targeted molecular approach when a certain
species needs to be detected for biosecurity surveillance purposes
(Wood et al., 2019a).

Higher numbers of ASVs corresponding to potential a priori
legacy eDNA were identified on settlement plates compared
to water samples and consisted mainly of calcifying taxa
such as mollusks. Contradictory to the inhibition assumption
(Woods et al., 2018), S. spallanzanii ddPCR signals of plate
samples were strongly associated with these mollusks. This
could be the result of extracellular DNA accumulating on rough
surfaces of the calcifying organisms, and possibly binding to
other inorganic/organic particles. Nevertheless, we observed that
overall higher ddPCR signals were achieved in water samples.
A potential inhibition effect through the sampled communities
especially the “living” target signal needs further investigation.

Significant negative correlations between eDNA ddPCR
signals with diversity indices for plate samples suggested that the
biofouling communities likely impede ddPCR based detections
of S. spallanzanii. In simple terms, there were lower ddPCR
detections when the plates’ diversity was high. The strength of
the negative relationship appeared to be driven by the presence
of a whole range of taxa in combination and, surprisingly, anti-
correlated with the abundance of mollusks. Induced ddPCR
inhibition due to, for example, the high calcium content of
their shells can therefore not be confirmed in this study
(Racki et al., 2014).

More empirical evidence is needed on the inhibitive effect
of specific taxa throughout the workflow of the species-specific
assay (preservation-extraction-amplification). A larger dataset
with more replicated samples to account for (small scale) spatio-
temporal variation is advisable (Macher and Leese, 2017) as
ddPCR tended to return a considerable number of samples
with zero copy which weakened the correlations. This is
particularly important because false negative detections cannot
be differentiated from an actual negative result. Including positive
controls in the form of the targets’ specific DNA among the
different steps of sampling and laboratory workflows can add
valuable information on quantitative loss for further identifying
the source of inhibition errors (Furlan and Gleeson, 2017).

CONCLUSION

Efforts to control the spread of invasive species requires a
detailed understanding of their distribution and life cycle,
and thus efficient detection methods are critical. The present
study revealed relatively low overall ddPCR detection levels of

the targeted organism S. spallanzanii despite the presence of
abundant populations. The study revealed an overall higher
ddPCR sensitivity for DNA detection signals as well as significant
relationships between DNA and RNA detections. Water samples
generally led to the detection of higher DNA and RNA copy
numbers compared to settlement plate samples, and a signal
of approximately 400 COI DNA copy numbers was considered
as the minimum threshold for detecting putatively living
S. spallanzanii individuals from both environmental matrices.
Metabarcoding analyses indicated that the scale of species
diversity did not influence the detection sensitivity of ddPCR
in the different sample types, except for eDNA copy numbers
on plate samples which significantly decreased with higher
diversity estimates. However, the presence of mollusks was
highly associated with S. splallanzanii detections. Collectively,
these findings supported the use of environmental DNA as a
reliable predictor for the detection of the living fraction of the
marine invasive species S. spallanzanii. This study contributes
to our understanding of environmental DNA and RNA release,
distribution and detection in marine environments, and will
benefit surveillance programs aiming to apply routine molecular
detection of marine non-indigenous species.
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