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The Elephant in the Lab (and Field):
Contamination in Aquatic
Environmental DNA Studies

Adam J. Sepulveda*, Patrick R. Hutchins, Meghan Forstchen?, Madeline N. Mckeefry®
and Anna M. Swigris?

U.S. Geological Survey, Northern Rocky Mountain Science Center, Bozeman, MT, United States

The rapid evolution of environmental (€)DNA methods has resulted in knowledge gaps in
smaller, yet critical details like proper use of negative controls to detect contamination.
Detecting contamination is vital for confident use of eDNA results in decision-making.
We conducted two literature reviews to summarize (a) the types of quality assurance
measures taken to detect contamination of eDNA samples from aquatic environments,
(b) the occurrence, frequency and attribution (i.e., putative sources) of unexpected
amplification in these quality assurance samples, and (c) how results were interpreted
when contamination occurred. In the first literature review, we reviewed 156 papers and
found that 91% of targeted and 73% of metabarcoding eDNA studies reported inclusion
of negative controls within their workflows. However, a large percentage of targeted
(49%) and metabarcoding (80%) studies only reported negative controls for laboratory
procedures, so results were potentially blind to field contamination. Many of the 156
studies did not provide critical methodological information and ampilification results of
negative controls. In our second literature review, we reviewed 695 papers and found
that 30 targeted and 32 metabarcoding eDNA studies reported amplification of negative
controls. This amplification occurred at similar proportions for field and lab workflow steps
in targeted and metabarcoding studies. These studies most frequently used amplified
negative controls to delimit a detection threshold above which is considered significant
or provided rationale for why the unexpected amplifications did not affect results. In
summary, we found that there has been minimal convergence over time on negative
control implementation, methods, and interpretation, which suggests that increased rigor
in these smaller, yet critical details remains an outstanding need. We conclude our review
by highlighting several studies that have developed especially effective quality assurance,
control and mitigation methods.

Keywords: aquatic, false positive, metabarcoding, negative control (NC), PCR, targeted, review

INTRODUCTION

Environmental (e)DNA refers to sampling and detection techniques for deoxyribonucleic acid
(DNA) released by organisms into the environment (e.g., water, soil, or air). The DNA can
be queried for specific taxa in targeted techniques (Ficetola et al., 2008) or can be surveyed
for many taxonomic groups with metabarcoding approaches (Thomsen et al., 2012). Because

Frontiers in Ecology and Evolution | www.frontiersin.org 1

December 2020 | Volume 8 | Article 609973


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2020.609973
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2020.609973&domain=pdf&date_stamp=2020-12-07
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles
https://creativecommons.org/licenses/by/4.0/
mailto:asepulveda@usgs.gov
https://doi.org/10.3389/fevo.2020.609973
https://www.frontiersin.org/articles/10.3389/fevo.2020.609973/full

Sepulveda et al.

eDNA Contamination

most eDNA methods utilize polymerase chain reaction (PCR) of
relatively short DNA fragments (generally < 200 nucleotides),
these methods are sensitive enough to detect DNA at extremely
low concentrations. This sensitivity is a key advantage, as it allows
users to make inferences about taxa presence even when they
are at abundances too low to be detected by traditional, non-
molecular techniques. However, this extreme sensitivity presents
a challenge, as it heightens susceptibility to contaminating DNA.

The rapid evolution of eDNA methods over the past decade
has resulted in knowledge gaps in smaller, yet critical details.
Here, we argue that contamination detection is a critical detail
that has been overlooked, but is deserving of attention, especially
as eDNA methods transition from research to application.
Detecting contamination of eDNA samples is vital for confident
use of eDNA results in natural resource management, as
positive eDNA results can initiate a costly chain of control
and containment actions. Costly actions based on false positives
can cause decision-makers to question the use of eDNA as a
monitoring tool (Jerde, 2019; Sepulveda et al., 2020). Effective
means for detecting contamination are needed to not only inform
potentially costly management decisions, but to also identify and
strengthen weak points in current workflow protocols.

Those using eDNA sampling have been combating
contamination since the inception of these techniques, and
many guidelines and procedures have been developed to prevent,
detect, and quantify false positives resulting from contamination
at every stage of the work flow. Most eDNA research and
monitoring programs have instituted general molecular best
practices to minimize contamination potential in the field (e.g.,
single-use supplies, bleach sterilization) and in the lab (e.g.,
separation of low-template vs. high-template DNA work spaces),
as described in Goldberg et al. (2016). However, these best
practices are imperfect—multiple published examples report
unexpected amplification of negative control samples despite
adherence to best practices to minimize contamination (e.g.,
Maruyama et al,, 2014; Serrao et al, 2018; Sepulveda et al,
2019b). For example, Serrao et al. (2018) analyzed 258 negative
controls samples for redside dace (Clinostomus elongatus) DNA
and found that 30% of samples amplified, though 98.4% of these
samples had less than 1 copy reaction!. Similarly, Sepulveda
et al. (2019b) analyzed 619 samples for dreissenid mussel
(Dreissena spp.) DNA and two negative field control samples
amplified despite the nearest known dreissenid population being
> 1,000 km away. Additionally, some researchers with quality
assurance results indicative of contamination likely opt to not
publish studies, thus slowing the progress of the field.

Outside of the general guidance of analyzing field and
laboratory negative controls, specific guidance for contamination
detection does not exist. Consequently, a broad range of
approaches are currently used to detect contamination in the field
and laboratory. Some programs ensure a minimum of 10% of
samples collected are field blanks comprised of target DNA-free
water handled in the field (e.g., Woldt et al., 2019), while others
assess field contamination only by analyzing field samples where
the target species is presumed absent (e.g., Carim et al., 2019).

Moreover, there is no clear guidance on how to proceed
when negative control samples amplify. Some studies discarded

associated field samples (Sepulveda et al, 2019b), others
attributed unexpected amplification to random noise and ignored
the amplified negative controls (Maruyama et al., 2014), while
others established a “limit of blank” that delimited detection
thresholds above which was considered significant (Serrao et al.,
2018). Additional examples in the peer-reviewed literature can
be found that follow each of these paths, producing confusion
and doubt for researchers and decision-makers alike. The need
for clarification on how to proceed is elevated when associated
field samples also amplify for the target DNA, as these detections
could be true positives. A better understanding of the known
or potential rate of error and standards for the control of
the technique’s operation are required for eDNA results to be
considered reliable scientific evidence (Sepulveda et al., 2020).

We conducted a literature review to summarize (a) the types
of quality assurance measures taken to detect contamination of
eDNA samples, (b) the occurrence, frequency, and attribution
(i.e., putative sources) of unexpected amplification in these
quality assurance samples, and (c) how results were interpreted
when contamination occurred. We also assess how these
response variables have changed since 2008, when eDNA
approaches were initially used to detect aquatic macroorganisms
(Ficetola et al., 2008). Convergence in quality assurance measures
and a decrease in the frequency and occurrence of contamination
would suggest general agreement in best practices and that
these best practices are effective, while divergence in quality
assurance measures and an increase in contamination would
suggest that contamination detection is still a critical detail
deserving of attention.

MATERIALS AND METHODS

We conducted two literature reviews to synthesize contamination
detection methods, contamination occurrence, and result
interpretation related to the eDNA detection of aquatic
organisms in peer-reviewed studies published between
January 2008 and April 2020. Both reviews were inclusive
of targeted and metabarcoding approaches across freshwater
and marine environments. The objectives of the first review
were to document the quality assurance measures used for
contamination detection and to estimate how frequently
amplification of negative controls has been reported. The
objectives of the second review were to identify which stages of
the eDNA workflow have been most susceptible to contamination
and to document how evidence of contamination influenced
result interpretations.

We used Web of Science to conduct the first literature review.
The following topical terms had to appear in an article’s title,
abstract, or keywords: “environmental DNA” AND “aquatic*”
OR “water*” OR “marine” OR “ocean®” OR “estuary.” We
reviewed the abstract of each article to ensure that it was
applicable and included primary data (i.e., not a review paper).
This resulted in 876 entries (Supplementary Figure 1). We
randomly sampled 25% of the articles that were published each
year from these 876 entries (Supplementary Table 1). We then
reviewed each article and recorded the information listed in
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TABLE 1 | The occurrence of factors within each category was recorded for all
studies in Literature Review #1 or #2.

Review Category Factors

1,2 Publication year Year study was published
1,2 Geographic location Continent or major ocean
Environment Freshwater, marine
Habitat Deep ocean, coastal ocean,

surface ocean, pond/wetland,
river, lake, other
1,2 Study type Field, mesocosm, lab

1,2 eDNA approach Targeted or metabarcoding

1,2 Principle analytical tool Conventional PCR, digital
droplet PCR, quantitative PCR,
sequencing, other

1,2 Negative control type Field sampling, DNA capture,
DNA extraction, PCR, other

1,2 For each Negative control Deionized water, distilled water,

negative material double distilled water,

control molecular grade water, tap

type: water, other water, negative
environmental site, extraction
kit reagent, filter

1,2 Ratio of negative The number of negative

controls to samples controls relative to samples

1,2 Did negative controls 0,1

amplify
2 How did ampilification No mention, rationalized then

of negative controls
influence results

ignored, used to inform limit of
blank, removed associated
field samples, other

Table 1. Any article that was deemed not applicable when read
in full was replaced by a randomly selected article published the
same year.

Web of Science was not a useful tool for our second literature
review because amplification of negative controls was seldom
mentioned in a study’s title, abstract or keywords. Consequently,
we used Google Scholar to conduct our second literature review
since this tool searches within the text as well as the title,
abstract and keywords. Comparable search terms in Google
Scholar as used in the previous Web of Science literature review
returned over 8,000 papers. Thus, we used studies that were
already filtered by Tsuji et al. (2019) in a recent review of
eDNA detection methods for aquatic macroorganisms. These
authors used a Google Scholar search for studies published
between 2008 and 2018 that including the keywords: “eDNA”
and “environmental DNA”. The search results were filtered by
hand to 388 papers based on the following criteria: (1) detection
of macroorganisms (not micoorganisms, virus, or bacteria); (2)
published in international journals (except preprint servers); and
(c) peer-reviewed. To update papers published between 2019 and
April 2020, we repeated these methods which resulted in an
additional 307 papers (Supplementary Table 2). We then used
Google Scholar to search within these papers for the following
terms: “false positive®” OR “contaminat®.” This resulted in 193
articles, but after further review of these articles, we found that

only 64 articles reported negative control samples that amplified
(Supplementary Figure 2). We then recorded the information
listed in Table 1 for these 64 articles and for any articles in our
first literature review that did not appear in our Google Scholar
search, yet had amplification of negative controls.

We summarized the number of studies per publication
year, geographic location, environment, habitat, study type, and
eDNA approach to place the reviewed studies into appropriate
context. We then grouped the remaining data fields by eDNA
approach (targeted or metabarcoding), since these approaches
are used to address different types of study objectives and the
potential for amplification of negative controls is much greater in
metabarcoding approaches. For each eDNA approach group, we
calculated the frequency of occurrence of factors within each data
category (Table 1). We binned eDNA workflow steps into the
following categories: field sampling; DNA capture, defined as the
concentration of DNA material using filtration or centrifugation;
DNA extraction; PCR and; other. We report results using
descriptive statistics (e.g., frequency of occurrence, percentages)
because sample sizes were often too small for inferential statistics,
thus our results are not generalizable to all eDNA studies.

RESULTS
Literature Review 1

We reviewed 155 papers that met our inclusion criteria
(Supplementary Figure 1). The number of studies using eDNA
methods nearly doubled each year since 2012, consequently
80% of the studies that we reviewed were published between
2016 and April 2020 (Figure 1). The most commonly reviewed
studies used targeted eDNA methods and took place in North
American and European freshwater, lotic ecosystems (Table 2).
Quantitative PCR analysis was the dominant analytical platform
used for targeted eDNA studies (Table 2).

One-hundred (91%) of the 110 targeted eDNA studies and
33 (73%) of the 45 metabarcoding studies reported collection
of at least one negative control (Figure 1). PCR controls were
reported in 71%, field controls were reported in 51%, extraction
controls were reported in 36%, and DNA capture controls
were reported in 25% of the 100 targeted eDNA studies
that collected negative controls (Figure 2). PCR controls were
reported in 71%, extraction controls were reported in 44%, and
field controls and DNA capture controls were each reported
in 20% of the 33 metabarcoding studies that collected negative
controls (Figure 2). The reporting of other negative control
categories (e.g., travel controls) was less common (1-12%). We
documented high annual fluctuations in the percent of targeted
and metabarcoding studies that included controls from the
most common categories (e.g., PCR and field; Figure 2). These
fluctuations did not dampen over time. Temporal trends for
metabarcoding studies were especially vague since most years had
few studies.

Targeted and metabarcoding eDNA studies used a
wide variety of water sources for field negative controls
(Supplementary Figure 3). Deionized (28% of studies with field
negative controls), environmental (27%) and distilled water
(16%) were most common in targeted studies across years.
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FIGURE 1 | The number of targeted and metabarcoding eDNA studies that (A) reported (Yes) or did not report (No) negative controls in the first literature review and
that (B) reported (Yes) amplification of negative controls in the second literature review.

Distilled (22%) and tap water (22%) were most common in
metabarcoding studies across years, though a similar proportion
of studies (22%) did not report the water source.

We first documented reporting of negative control
amplification in targeted and metabarcoding eDNA studies in
2016 (Figure 3). Thereafter, negative control amplification was
reported in ~6% of targeted studies and 25% of metabarcoding
studies that included negative controls each year. Many targeted
and metabarcoding studies that reported use of negative controls

failed to report negative control results (Figure 3). Amplification
was reported at similar low proportions across all negative
control categories for targeted and metabarcoding studies
(Figure 4).

Most studies failed to provide explicit data on the ratio
of negative controls samples to field samples. For example,
studies reported that extraction controls were collected per batch
of extractions but failed to report the number of extraction
batches. Raw data were not always publicly accessible, and
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TABLE 2 | The proportion of studies in Literature Review #1 (N = 155) and #2 (N = 62) by geographic location, ecosystem and habitat, and eDNA approach.

Location Ecosystem and habitat eDNA approach
Review #1 #2 #1 #2 #1 #2
Africa 0.03 0.03 Freshwater 0.72 0.70 Targeted 0.71 0.48
Asia 0.18 0.05 Lentic 0.36 0.48 cPCR 0.13 0.15
Europe 0.27 0.20 Lotic 0.49 0.38 agPCR 0.67 0.70
North America 0.36 0.48 Lab 0.07 0.06 ddPCR 0.07 0.12
Oceania 0.10 0.13 Other 0.08 0.08 other 0.13 0.03
South America 0.01 0.03 Marine 0.25 0.30 Metabarcoding 0.29 0.52
Antarctic Ocean 0.00 0.02 Ballast 0.05 0.00
Atlantic Ocean 0.01 0.00 Coastal 0.48 0.68
Indian Ocean 0.01 0.02 Lab 0.00 0.05
Pacific Ocean 0.01 0.02 Pelagic, deep 0.23 0.05
Global 0.02 0.02 Pelagic, surface 0.08 0.16
Other 0.05 0.05
Brackish 0.03 0.00

when these data were available, negative control results were
infrequently reported.

Literature Review 2

We reviewed 62 studies that met our inclusion
criteria. of unexpected negative control amplification
(Supplementary Figure 2). Thirty of these studies used targeted
eDNA methods and 32 used metabarcoding eDNA methods
(Figure 1). Twenty-two of the 30 targeted eDNA studies and
19 of the 32 metabarcoding eDNA studies provided enough
description to attribute amplification to a specific negative
control category (e.g., field or PCR). The other studies only
reported the general occurrence of unexpected negative control
amplification. The characteristics of studies reviewed were
similar to those reviewed in the first literature review (Table 1),
with the exception of the proportional representation of targeted
vs. metabarcoding studies. In this second review, metabarcoding
studies were as common as targeted studies.

For targeted studies, amplification was reported most
frequently in field negative controls (Figure4). For
metabarcoding studies, contamination was reported most
frequently in PCR negative controls (Figure 4). Amplification
was reported in a variety of field negative control water sources,
but sample sizes were too small to assess if specific water sources
amplified more frequently than others. Similar to the first
literature review, most studies failed to provide explicit data on
the ratio of negative controls samples to field samples so it was
not possible to characterize negative control effort.

We documented a variety or study responses to negative
control amplification. Most targeted eDNA studies provided
rationale for why the unexpected amplifications did not
affect results; whereas, metabarcoding studies used amplified
negative controls to delimit a detection threshold above which
is considered significant (Figure5). Fewer studies removed
samples that were associated with negative controls that

amplified or failed to provide rationale for why these results could
be ignored.

DISCUSSION

A substantial number of eDNA studies from across the globe have
been published in the past 12 years, which underscores the rapid
technological advancements in this field and the applicability
of eDNA methods to a broad range of taxa and habitats. Yet
the inherent sensitivity of eDNA methods to contamination is
a principal reason for why managers have been reluctant to
use eDNA results for decision-making. Consequently, managers
and eDNA practitioners have called for increased rigor in
quality assurance and control measures to prevent and detect
contamination (Loeza-Quintana et al., 2020; Sepulveda et al.,
2020). Our review of eDNA studies published over the past
12 years suggests that this call for increased rigor remains an
outstanding need.

We reviewed ~25% of eDNA studies published each year,
2008-2020, and found 100 of 110 targeted studies and 33 of 45
metabarcoding studies reported inclusion of negative controls
within their workflow (Figure 1). It is encouraging that most
eDNA practitioners have included quality assurance methods in
their workflows, but it is disconcerting that many studies failed
to report method specifics, such as the negative control water
source and the number of negative control samples analyzed.
This result is in line with Dickie et al. (2018), which found that
95% of reviewed eDNA metabarcoding studies failed to provide
critical methodological information required for reproducibility
by independent researchers. These kinds of omissions set up
the potential for a replication crisis that has hampered the
advancement of other disciplines. Moreover, these omissions
make it difficult to discern general best practices and to identify
workflow steps that are consistently susceptible to contamination
and therefore require improved quality assurance.
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FIGURE 2 | Temporal trends in the percent of studies with reported negative controls associated with field, DNA capture, extraction, and PCR workflow steps in
targeted and metabarcoding eDNA studies in the first literature review. Lines indicate the percent of studies and columns indicate the number of studies for a given
year.

The negative control methods that were described with
enough detail to be reproduced varied greatly among studies,
and this variability has not decreased over time despite
calls for standardization (Figure2; Loeza-Quintana et al,
2020; Minamoto et al., 2020). For example, field and PCR
negative controls used a wide variety of water types and
collection schemes that are likely influenced by study objectives
(Supplementary Figure 3). Examples included collecting field

negative controls once per site vs. once per day, as the
first vs. last sample collected at a site, or laboratory (e.g.,
deionoized water) vs. environmental (e.g., presumed negative
field site) water sources. Different negative control methods
may provide similar results when contamination is systemic
(e.g., contamination of laboratory reagents), but it is unknown
how these methods vary in their ability to reliably detect
cross-contamination among samples collected from multiple
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sites on the same day and random contamination (i.e., that
which does not affect all samples in a batch equitably).
Our review indicates that systemic contamination is rare,
as amplification was only reported in a small subset of
negative controls per study. For example, Guillera-Arroita
et al. (2017) filtered and extracted 50 negative controls in
the lab and found that 2-8% of these samples amplified
for the DNA of four target amphibian species. Indeed, it is
likely that studies with systemic contamination never make it
to publication.

Overall, the number of studies reporting amplification of
negative controls was low; ~6% of targeted studies and 25%
of metabarcoding studies that included negative controls each
year (Figure 3). While these low percentages seem reassuring,
we suspect that they are underestimates for at least two reasons.
First, a large percentage of targeted (49%) and metabarcoding
(80%) studies limited negative controls to laboratory procedures
(Figure 4). These studies were blind to any contamination that
may have occurred during field collection, transport to the
lab and DNA capture (e.g., filtration). This is a surprising
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omission given the attention to developing field protocols
(e.g., single-use supplies; Spens et al., 2017) that reduce risk
of cross-contamination. Indeed, multiple papers over the past
decade have indicated that the inclusion of controls throughout
the entire eDNA workflow is required for strong inference about
species presence (Darling and Mahon, 2011; Goldberg et al.,
2016; Jerde, 2019; Sepulveda et al., 2019b). Our results from
the second literature review support this recommendation since
amplification of pre-lab workflow negative controls occurred as
much or more frequently than lab workflow negative controls
(Figure 4). However, amplification of pre-lab workflow negative
controls does not unequivocally indicate contamination occurred
prior to the lab since these samples are also susceptible to lab
contamination. Second, metabarcoding studies especially may
have higher rates of contamination than we documented because
the discipline of DNA metabarcoding (inclusive of eDNA and
DNA samples) has only recently become aware of multiple
contamination issues that can cause incorrect assignment of
sequences to samples, including false tag combinations in
the sequencing output (Schnell et al, 2015) and amplicon
contamination (Schnell et al., 2015; Ballenghien et al., 2017). We
found considerably more agreement among reviewed studies on
how to proceed when negative control samples had unexpected
amplification. The majority of targeted eDNA studies attributed
the amplification to low-level noise and ignored unexpected
amplification (Figure 5), whereas most metabarcoding studies

used the quantitative information provided by analyses to
delimit a detection threshold above which is considered
significant (Figure 5). Consensus was stronger in metabarcoding
studies, which had much higher occurrence of negative control
amplification (and/or sequence reads) and a general acceptance
that low-level contamination is unavoidable.

These ad hoc approaches for dealing with unexpected
amplification have been criticized, given that they are subjective
and can lead to underestimation of species occurrences (Ficetola
et al, 2016; Lahoz-Monfort et al, 2016). Site occupancy-
detection models (SODMs) provide a more objective means
of accounting for detection errors caused by false positives.
Contamination rates derived from amplified negative controls
(Ficetola et al., 2016), calibration experiments that explicitly
assess contamination rates at different steps of the eDNA
work flow (e.g., Guillera-Arroita et al., 2017), or unambiguous
eDNA data collected from sites with known absences (Lahoz-
Monfort et al., 2016; Smith and Goldberg, 2020) can be
used to parameterize SODMs. Model output informs the
probability that an eDNA detection is a true presence given
the number of detections. However, SODMs that account for
false positives have infrequently been used in eDNA studies
because they are relatively new, computationally intensive
advancements. It is unclear how managers and other eDNA
result end-users would integrate false positive probabilities into
decision making.
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Even with implementation of appropriate negative
controls, ad hoc approaches for dealing with negative control
amplification, and advanced statistical tools, it is critical to
follow strict procedures at each step of the workflow to limit
the potential for false positives. Many of these procedures have
been described elsewhere, especially in Goldberg et al. (2016).
Here we draw attention to several procedures that have reduced

false positive sample rates associated with contamination:
development of assays that target multiple genomic locations,
cleverly designed positive PCR controls, and single-use field
sampling gear.

The use of multiple assays that each target different genomic
locations provides independent tests of detection. The probability
that an amplification in a sample is due to contamination is
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the product of the contamination rates of the multiple assays
(i.e., the product rule). If the contamination probabilities are
low, as is the case we documented in this review, then the
probability that an amplification is due to contamination is
multiplicatively lower with each additional assay. This strategy
increases certainty that observed amplifications are the result of
the target organism’s DNA in the original sample, as opposed
to contaminating DNA or other false-positive signals that act
independently on each assay. Calibration studies, such as those by
Guillera-Arroita et al. (2017), are needed to quantify false positive
sample probabilities. Multiple independent tests of detection, via
the statistical product rule should also help to reduce uncertainty
caused by cross-contamination and base-rate bias (i.e., when
the prevalence of the target is extremely low, the test results
in a significant proportion of false positives). Consequently,
several eDNA programs that monitor for controversial species
or in controversial locations use this type of approach. In the
Asian Carp eDNA Monitoring Quality Assurance Project Plan, a
sample must be positive for a genus-specific COI assay and for a
species-specific ND2 or ND6 assay (Woldt et al., 2019). Similarly,
for dreissenid mussels, a sample must be positive for a genus-
specific 16S assay and for species-specific COI or Cytb assays
(Sepulveda et al,, 2019b). Moreover, water samples collected
during proceeding field surveys (i.e., resampling verification)
must also amplify for the suite of assays in order for the initial
samples to be scored as positive.

Metabarcoding eDNA approaches have also begun to use
multiple primer sets to minimize false positive taxa assignments.
For example, a few studies only retained sequences that are
shared by PCR replicates (Giguet-Covex et al., 2014; Alberdi et al.,
2018). Metabarcoding studies also commonly remove singletons
or doubletons from sequence reads to account for potential
low levels of contamination (Evans et al., 2017). While these
conservative approaches decrease the potential for false positives,
they do increase false-negatives rates and may lead to incorrect
inference about target species presence or diversity (Alberdi et al.,
2018; Zinger et al., 2019). These approaches also inflate the costs
of analyses. The tradeoffs among cost, decreasing false-positive
rates and increasing false-negative rates should be carefully
considered when designing an eDNA monitoring program.

Even the most cautious laboratories have the potential for
sample contamination because high-template positive control
material are handled adjacent to analytical samples and negative
controls. Standard curves that include positive control DNA at
orders of magnitude greater than that found in field samples
are a common practice; standard curves are a quality assurance
check that the assay is performing as expected and are a means
to quantify the amount of target DNA in a sample. Multiple
studies have suggested that DNA can aerosolize (e.g., Hebsgaard
et al., 2005; Newton et al., 2015; Sepulveda et al., 2019a) and
act as a contamination source. Wilson et al. (2016) proposed
use of synthetic oligonucleotides with the addition of a readily
detectable insert sequence for use as positive PCR controls. A
simpler approach may be to scramble the non-priming regions
of synthetic DNA. If negative controls amplify, both options
permit sequencing of the amplicon to distinguish between real
target detections in field samples and positive control-derived

contamination. However, sequence inserts/modifications could
affect tertiary structures of the DNA molecules (e.g., hairpin
loops) and alter the melting temperature of and polymerase
binding affinity to the template DNA (Fan et al., 2019). Great care
must be taken when designing these synthetic genes to validate
them in silico. In vitro comparisons between native sequences
and modified sequences can also be performed to determine any
changes in efficacy.

Sample collection and DNA capture methods (e.g., filtration
and precipitation) are also important for limiting contamination
in eDNA surveys. Collection and DNA capture methods have
evolved over time to employ single-use supplies (e.g., gloves and
sample collection containers) in order to minimize the potential
of cross-contamination. However, there is still high variance
among studies in specific methods since each study faces different
challenges when attempting to optimize the tradeoffs between
contamination risk, sample volume, collection time, and cost. For
example, single-use enclosed filters have minimal contamination
risk because they are pre-loaded and require no handling of the
filter membrane since DNA extraction takes place within the filter
capsule (Spens et al., 2017). Relative to open filters that have a
higher contamination risk since they do require handling of the
filter membrane both pre- and post-sampling, enclosed filters are
more expensive, require more time to process, and the volume of
water that can be processed may be limited in sites with turbid
water since the filters clog easily (Uthicke et al., 2018; Tingley
et al,, 2019; Tsuji et al, 2019). More recently, Thomas et al.
(2019) introduced a self-preserving eDNA filter housing that can
process larger volumes of water yet limits handling of the filter
membrane to the lab, where it is removed from the housing for
DNA extraction.

NEXT STEPS

The potential for contamination-caused uncertainty in eDNA
sampling and analysis has eroded confidence in the method
because making decisions on incorrect inference can be socio-
economically, politically and ecological costly (Jerde, 2019;
Sepulveda et al., 2020). We reviewed the eDNA literature over the
past twelve years and found contamination did occur, though ata
very low rate relative to the hundreds of published studies. Over
this period of time, much progress has been made on developing
and applying quality control and assurance measures for
preventing, alerting to, and source-tracing contamination. More
recently, statistical methods have been developed to guide result
interpretation in light of false positives. Though these efforts have
strengthened the eDNA science and application, there is still
ample room for improvement. Specifically, inclusion of critical
methodological information is required to quantitatively identify
best practices for negative control implementation. There is also
an outstanding need for calibration experiments to quantify
contamination rates under ideal and realistic field and laboratory
conditions. Ultimately, eDNA researchers and end-users must
acknowledge that contamination is more commonly observed
when using an extremely sensitive molecular tool to search for
rare taxa, and that this is an inversely proportional trade-off
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between false positive and false negative inferences. Awareness of
this tradeoff and due diligence to prevent, identify, and correct
for contamination should bolster the use of eDNA results in
confident decision-making and management applications.
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