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Glossary

Assay: The laboratory workflow from DNA extraction to sequence outputs.
Often refers to the target gene and taxonomic group (e.g. 16S_Fish,
18S universal, COI).

Endogenous control: Endogenous controls refer to either exogenous DNA
(i.e. DNA that is spiked in) or endogenous DNA (i.e. DNA that is naturally
occurring) that can be targeted in environmental samples as positive
controls to monitor method success. Exogenous DNA templates can be
generated from custom-synthesised DNA fragments, DNA extract, plasmids,
and be added to samples during any stage of the eDNA workflow after
sample collection. Endogenous controls use the fact that DNA is ubiquitous
in the environment, such that every environmental sample will contain DNA
from multiple sources. Within this context, a generic primer assay can be
designed to amplify abundant, non-target DNA that will be simultaneously
sampled, captured, extracted and amplified with the target species’ DNA
(Furlan & Gleeson 2016).

Environmental DNA / RNA (eDNA / eRNA): DNA or RNA directly extracted
from environmental samples (soil, sediment, water, etc.) without any
knowledge of the original organism. DNA carries genetic material, while RNA
transfers information within cells to produce specific proteins and is only
shed by physiologically active (living) organisms.

High-throughput sequencing (HTS): A technique able to determine the
nucleotide composition of millions of nucleic acid sequences. Different
platforms of sequencing are available including sequencing by synthesis (e.g.
lllumina), single molecule real time (e.g. PacBio), and nanopore (e.g. Oxford
Nanopore Technologies).

Inhibitory substances: Substances in a sample or extract that reduce assay
sensitivity and increase the risk of false negative results in a PCR test.

Library (also Reference library, Reference database): Database with DNA
sequences of specific species.
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Limit of detection (LOD): The lowest concentration of target DNA that can
be detected with a defined level of confidence (usually a 95% detection rate).

Limit of quantification (LOQ): The lowest amount of DNA in a sample
that can be quantitatively determined with a stated precision, under stated
experimental conditions.

Metabarcoding: Simultaneous taxonomic identification of Operational
Taxonomic Units (OTUs) or Amplicon Specific Variances (ASVs) in eDNA
samples with millions of sequences, generated by PCR amplification using
one of the HTS techniques.

Monitoring: The systematic collection of data over time to detect changes
in a system (Gerber et al 2005). Data can include information on a range of
factors such as environmental, ecological, biological and social.

Polymerase chain reaction (PCR): A molecular technique that allows
the exponential amplification of a target fragment/region of DNA from
a mixture of DNA fragments. The desired fragment is selected from the
other fragments in the mixture by specific primers (small single-strand
oligonucleotides) complementary to the desired sequence.

Primer: Short DNA fragments used in PCR amplification that bind adjacent
to the target region or gene.

Quantitative PCR (qPCR): A variant of PCR. The main difference is that gPCR
is able to quantify how many fragments of DNA are amplified during each
step in the reaction, leading to quantitative data.

Sequencing: Determining the order of nucleotides in DNA or RNA; this can
be done using a variety of methods.

Environmental DNA protocol development guide for biomonitoring



Introduction

The use of environmental DNA (eDNA) and RNA (eRNA)
methods is a rapidly advancing field that provides fast,
cost-effective, non-invasive methods to identify the presence
of target species. These methods can be used, for example, to
screen for pest species as part of biosecurity measures and
risk management, to screen for threatened species as part

of development requirements, or for biodiversity monitoring.

In an operational context, high-quality standard assurance
requirements are needed to ensure that assays and protocols
deliver reliable results across multiple applications and purposes.

What is the aim of these guidelines?

The Environmental DNA protocol development guide for biomonitoring (EP
guide for biomonitoring) provides harmonised quality control and minimum
standard operating procedures. This document is complemented by the
Environmental DNA test validation guidelines, which has been published in
parallel with the EP guide for biomonitoring. The EP guide for biomonitoring
provides information to create standard operating procedures for eDNA/
eRNA projects, whereas the eDNA test validation guidelines focus on advice
for the development and use of eDNA and eRNA assays.

This document is a comprehensive guide for the development and use

of eDNA/eRNA test protocols, as recommended and curated by experts,
stakeholders and end users in Australia and New Zealand. The EP guide for
biomonitoring covers protocols for both single species (QPCR) and multi-
species (metabarcoding) projects. Differences between approaches are
highlighted in relevant sections throughout the guidelines. The guide is
designed to support a consistent and best-practice approach to eDNA/eRNA
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testing to help detect species of interest. This approach ensures that
surveillance and resource managers are provided with robust scientific
evidence to support decision making.

Environmental RNA-based methods differ primarily from eDNA in the
molecules they target. The different function of RNA in living organisms
means that its detection is more likely to reflect metabolically active
organisms. Current eRNA applications exploit its rapid degradation to
quantify temporally recent or metabolically active communities (Pokon et al.
2017, Yates et al. 2021), providing important information to assess the active
presence of species in an environment.

Note on the use of the terms eDNA and eRNA: Protocols for the use of eDNA
and eRNA-based methods have considerable overlap; we therefore use the
term ‘eDNA’ throughout the text when protocols are applicable to both eDNA
and eRNA methods. Specific eRNA protocols are discussed separately when
different protocols are required.

Who are they for?

The EP guide for biomonitoring provides clear best-practice benchmarks to
help researchers develop eDNA-based protocols encompassing complete
workflows for reliable eDNA analysis. It also provides information for

end users requesting eDNA/eRNA projects.

The potential applications for eDNA are varied and eDNA-based methods
have been applied in a wide range of fields, including biosecurity
surveillance, biodiversity monitoring, endangered species research, risk
management, and emergency response. The use of these guidelines for
protocol development is strongly recommended, but not mandatory.

For researchers

The EP guide for biomonitoring details key steps in creating standard
operating procedures for eDNA-based applications. This document also
provides general principles and considerations to guide project development,
and information on other important project areas such as communication
and ethics.

For end users

The EP guide for biomonitoring provides quality assurance for any contracted
eDNA work. The guide tells end users what services and standards can be

Environmental DNA protocol development guide for biomonitoring 7



expected and may also be used to inform staff collecting samples or inform
the development of other areas of the project.

How have they been developed?

The EP guide for biomonitoring and the Environmental DNA test validation
guidelines were developed in a collaborative process with input from eDNA
experts and end users from across Australia and New Zealand. Initial draft
frameworks were developed and led by members of the Southern eDNA
Society Standards and Best Practices Committee, after which multiple
consultation rounds with experts, end users and stakeholders from private
entities and public agencies were held to adapt the frameworks to meet
Australian and New Zealand needs. Three consultation periods with eDNA
experts, private stakeholders, government officials and end users were held
in 2021-22 to ensure the guidelines were fit for purpose and met the highest
quality standards in the field.

Updates

We recognise that eDNA methods and resources are still rapidly evolving. It is
anticipated that the EP guide for biomonitoring will be updated and expanded
over time, with a review and update as required.

The guidelines will be reviewed and updated by the Australian National
eDNA Reference Centre, with input from leading experts in the field of
environmental DNA.

Environmental DNA protocol development guide for biomonitoring 8
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Principles for conducting an
eDNA project

The EP guide for biomonitoring provides best-practice guidance, while
recognising that ‘best practice’ is broad and depends on:

+ purpose of the test (e.g. the detection of high-impact pests may require a
more sensitive detection threshold than is used for low-impact species)

+ environmental constraints (e.g. sample type - water, soil or scats; integrity)

* target constraints (e.g. mobile or sedentary target, concentration)

* project constraints (e.g. budget, sample shipping, turnaround time
requested)

+ current knowledge gaps (e.g. in taxonomic groups or DNA reference
sample data).

Best practice will therefore involve various considerations, taking 6 general
principles into account:

Ensure processes are fit for purpose

Test and validate processes

Ensure good chain of custody and documentation

Understand the limitations of results

Ensure good communication

o U AW N -

Recognise First Nations peoples’ ownership and stewardship.

Principle 1: Ensure processes are fit for
purpose

The fundamental steps of conducting an eDNA project do not differ
substantially from other research or monitoring projects. As with other
methods, projects need a clear goal and experimental design tied to the
project goal, samples must be collected and processed, and results must be
interpreted and communicated to a target audience or end users (Figure 1).

Environmental DNA protocol development guide for biomonitoring



Project Design Collect Laboratory Data Interpret
goal experiment samples ERENAES EREINAES results

1 !

Do the results meet the project goal?

Figure 1 Steps of an eDNA project, and how they must consider the project
goal if they are to be fit for purpose

It is important that processes at each of these steps are fit for purpose.
Considerations include:

project goal and experimental design (see Experimental design) - match all
aspects of the experimental design to the purpose of the project

sample collection and preservation (see Collect samples and Preserve
samples for processing) - design and provide appropriate guidelines and
workflows to suit the project purpose and the constraints of the site; train
any non-experts involved in collecting samples

recording all sample metadata, from collection through to project
completion

laboratory analyses (see Extract and isolate DNA/RNA and Ensure quality
control and purification of extracts) - laboratory processes and methods
must be optimised for eDNA and carried out using strict standard
operating procedures

data analyses (see Analyse extracts) - data analyses must be able to
clearly identify positive, negative, indeterminate and unreliable results

documenting all of the above processes (including sample storage
and preservation, and laboratory protocols, optimisations and
troubleshooting) for reporting to the end user

result interpretation (see Interpret and communicate results) -
interpretation of resuts must take into account any limitations and be
assessed and compared with the project goals; conclusions should

be communicated as clearly as possible, with reference to the project
goal; any caveats around the results or interpretation should be clearly
communicated in the report

follow-up and confirmation of positive results.

Suggested considerations for each stage of the project workflow are
provided in Table 1.
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Table 1 Guiding questions for consideration in the design and
implementation phases of an environmental DNA project

Workflow stage Guiding questions

Study design .

Is the work basic science or applied (e.g. environmental
biomonitoring)?

What is your study goal (e.g. presence or absence; diversity;
quantification)?

What tools and methods are available and what are yet to
be developed? (e.g. sampling methods, assays, analysis
pipelines)?

What is the best analytical approach to address

the research goal (e.g. DNA-based or RNA-based,
metabarcoding vs qPCR)?

Which taxa will you target?

What characteristics of the target organism/communities
may affect the sampling method (e.g. life form, size,
expected abundance/occupancy, behaviour)?

What characteristics of the ecosystem may affect the
sampling method (e.g. terrestrial/aquatic; lentic/lotic/
marine; how variable is the environment)?

Is the scale of inference for your sample type appropriate
to your questions?

Can you compare complementary data types

(e.g. traditional vs eDNA)?

Does your sampling/replication scheme provide good
statistical power?

Who are the end users and what will they do in response to
eDNA results? Are they involved in project design?

In the field .

What type of sample (water, soil, air) is needed?

What metadata will you collect?

How many replicates will you collect?

Does your sampling protocol minimise or control for

- contamination (e.g. positive and negative controls)?
- any known biases (e.g. inhibitors, sample volume)?
How will you track samples (e.g. barcodes)?

What is the most appropriate sample collection method for
the established goal/ecosystem/target organisms based

on the characteristics of the target species/community and
ecosystem?

How will samples be preserved and transported?

continues
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Table 1 continued

Workflow stage
In the laboratory
- sample
handling phase

Guiding questions

What extraction method (physical vs chemical)?

How much sample volume or weight?

How many samples?

How many controls and of what sort?

Is species-specific detection or metabarcoding more
appropriate?

Is a species-specific assay available? Does it need validation?
Do you need to generate reference sequence data?

Are any technical replicates needed?

For eRNA analyses, will you use co-extraction or separate
extraction?

For gPCR/ddCPR, choose the assay for the target species
(e.g.is it validated for your region, checked for cross-
reactivity with non-target taxa)?

What storage is needed?

- How long will samples be stored before processing?

- What are the most appropriate conditions for sample
type?

- What preservation should be used?

- How will products (DNA/RNA extracts, PCR amplicons)
be stored and for how long?

How can multiple freeze-thaw cycles for products be

minimised?

Is contamination control implemented at different steps

(extraction blanks, PCR blanks, etc.) and included in the

analyses?

In the laboratory

DNA processing
phase

What sequencing platform/qPCR instrument (96/384 well)
will you use?

What locus and primers will you use?
What read length will you use?
Do you need paired-end sequencing?

Have you included appropriate quality assurances?
(e.g. internal control, mock community, gPCR, bioanalyser
tracer)

Does your sampling protocol minimise or control for
- contamination (e.g. positive and negative controls)?

- any known biases (e.g. primer bias, coverage, taxonomic
resolution)?

continues
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Table 1 continued

Workflow stage Guiding questions

At the keyboard How complete is the reference database?

+  How complete is the taxonomic knowledge for the group?
Are there risks of taxonomic uncertainty that could affect
how results are interpreted?

+ Do you have adequate sequencing coverage across
samples?

+ Areyou using appropriate choices for software tools and
parameters?

* Are your conclusions upheld when using alternative
parameters and workflows?

+ Areyou including appropriate quality filtering of your data?
+ Is the specificity of the test confirmed?

+ Whatis the LOD/LOQ of the test?

* Areall the internal controls / QA controls valid?

+ Is sequencing data of adequate quality (sequence depth
per sample and error rates adequate, and contamination
negligible)?

+  Which sequencing database will you use? How complete
and up to date is it?

+ How much ambiguity is in the taxonomic assignment
(i.e. can your data provide required taxonomic resolution
with high confidence?)

Source: adapted from Deiner et al. 2017.

Principle 2: Test and validate processes

Processes should be tested and validated to ensure robust results. Consider
doing a pilot project, which may help to determine sample sizes and
protocols.

Validation requirements will depend on the study purpose. For more
information and detailed guidelines, see the Environmental DNA test validation
guidelines, published in parallel with this document. Other scales and
guidelines include:

« eDNA Validation Scale; edna-validation.com

* Thalinger B, Deiner K, Harper LR, Rees HC, Blackman RC, Sint D,
Traugott M, Goldberg CS, Bruce K (2021). A validation scale to determine
the readiness of environmental DNA assays for routine species
monitoring. Environmental DNA 3(4):823-836, doi:10.1002/edn3.189.
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https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Goldberg%2C+Caren+S
https://doi.org/10.1002/edn3.189

+ Bustin SA, Benes V, Garson JA, Hellemans J, Huggett |, Kubista M,
Mueller R, Nolan T, Pfaffl MW, Shipley GL, Vandesompele J, Wittwer CT
(2009). The MIQE guidelines: minimum information for publication of
quantitative real-time PCR experiments. Clinical Chemistry 55(4):611-22,
doi:10.1373/clinchem.2008.112797.

Processes or results can also be validated by crosschecking with other
reputable laboratories.

Principle 3: Ensure good chain of custody and
documentation

Good chain of custody and documentation (see Collect samples) ensures
results can be trusted. Documentation of processes can help to ensure
processes are robust and consistent and are followed correctly. Reliable
tracking systems ensure the reliability of metadata collected in the field.

Principle 4: Understand the limitations of
results

The limitations of eDNA results will be project-specific, and depend on the
environment, target species and assays used. Limitations of results should
be considered during experimental design and - most importantly - analysis
and interpretation phases.

Limitations of results will be closely linked to the purpose of the project and
thus to the stringency required (see Purpose and stringency). Projects with
high stringency requirements (e.g. legal evidence), must take into account
and communicate the limitations of results (see Interpret and communicate
results).

In some cases, eDNA testing can be used for large-scale surveillance, to
enable triage and better use of resources for targeted traditional surveys.
Data obtained from eDNA methods might not necessarily confirm the
presence or absence of a species, but positive eDNA tests are appropriate
criteria to identify the potential presence of target species and trigger
confirmatory efforts.

When eDNA methods are used to study communities using metabarcoding,
limitations such as incomplete reference databases or unresolved taxonomy
issues must be taken into account when interpreting results.
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Principle 5: Ensure good communication

Clear communication, especially with service providers of the project and with
project members without genetics expertise, is an essential part of project
protocols, and will support best-practice processes. Clear communication is
particularly important with:

+ End users (see Interpret and communicate results). Clear communication
throughout the project will help to ensure expectations are managed and the
results meet user needs. It is important to emphasise limitations and explain
uncertainties in results to ensure data are not misinterpreted.

+ Collection teams (see Collect samples). Collection teams may not be trained as
molecular scientists and will need clear, non-technical guidance about how to
collect, preserve, store, transport, and document samples. In-person training
may improve sample collection standards.

Principle 6: Recognise First Nations peoples’
ownership and stewardship

Collection of environmental samples in Australia and New Zealand requires
recognition of the relationship that First Nations peoples have with nature.
Following the release of the global biodiversity framework from the United Nations
Convention on Biological Diversity in 2021, and acknowledging the rights of First
Nations peoples with respect to traditional knowledge associated with genetic
resources, these guidelines highlight the following:

+ There are international and national efforts to recognise the rights of
Indigenous peoples with respect to the traditional knowledge associated
with genetic resources.

* These guidelines recognise the need for fair and equitable sharing of the
benefits accrued from gathering genetic resources and their associated digital
information. Sharing strategies should be, among other things, efficient,
feasible and practical. They should aim to be effective and not hinder
research and innovation, while being mutually supportive of other access
and benefit-sharing instruments.

* There are a wide range of views about the modalities and methodologies of
a potential solution for the fair and equitable sharing of benefits arising from
digital sequence information from genetic resources.

With these points in mind, and aligned with recommendations made by the
Convention on Biological Diversity, these guidelines recommend that project
designers discuss projects with appropriate First Nations communities and provide
transparency on project requirements and outcomes. Discussions with Traditional
Custodians about the collection and use of environmental samples must be flexible
- listen to, adapt and incorporate recommendations from the Traditional Custodians
of study sites. It is also recommended that project outcomes are shared with First
Nations communities and, when possible, the Traditional Custodians are recognised
and acknowledged in online repositories that store genetic data.
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Environmental DNA/RNA test
protocols

Environmental DNA/RNA test protocols outline standard operating
procedures for field officers and users to collect, extract and analyse
environmental samples for eDNA/eRNA. These protocols encompass the
entire eDNA workflow and offer users standard guidelines for each stage,
with appropriate controls and measures for independence. The protocols
can be used as templates to develop standard operating procedures (SOPs)
for specific projects and purposes. They align with and meet the minimum
requirements of the:

+ Development of National Diagnostic Protocols - Procedures for Authors
Reference Standard (SPHD RS No. 2), approved by the Subcommittee on
Plant Health Diagnostics (SPHD, 2019)

*+ Australian and New Zealand standard diagnostic procedures - Guide for
Authors (ANZSDP, 2021).

Each of the following steps includes important considerations for quality
assurance and reliable implementation and analysis of eDNA/eRNA testing:
Experimental design

Collect samples

Preserve samples for processing

Extract and isolate DNA/RNA

Ensure quality control and purification of extracts

Analyse extracts

N o ok W IN =

Interpret and communicate results
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1 Experimental design

Careful, detailed experimental design is an essential investment to ensure
projects are effective and meet end-user needs. eDNA analyses provide
powerful molecular tools with a wide range of biomonitoring applications,
but a well-thought-out experimental design is essential to guarantee
high-quality outcomes. Poorly designed experiments or surveys are more
likely than not to compromise results, regardless of the quality of assays,
laboratory protocols and bioinformatics pipelines.

+ Experimental protocols should be designed in a way that complements
the principles for conducting projects (see Principles for conducting an
eDNA project).

Standard operating procedures should implement suitable sampling regimes
determined during initial experimental design (Table 2). This initial step
should assess:

+ Purpose of test (see Purpose and stringency). Is the test intended to
be used for a purpose that requires highest-level standards (e.g. legal
purposes), survey biodiversity, or for routine biodiversity monitoring?
What level of detection is meant to be achieved? What level of uncertainty
is acceptable?

+ Responsibility. Who is responsible for ensuring experimental design is fit
for purpose?

+ Spatial extent. How many samples should be collected from how many
sites to achieve suitable representation of the environment and presumed
distribution of the target species?

+ Temporal extent. Are you collecting samples in a single session, or
multiple sessions over time? Will the time of sampling affect the presence
or abundance of target species (e.g. day, night, season)?

« Collection method. What collection method should be used to collect
samples within the target environment?

* Replication. What volume of sample and how many replicates should be
collected to improve detection probability?

* Preservation. What method is the most appropriate to preserve samples
until eDNA/eRNA extracts can be obtained?

+ Controls. Which controls will be implemented during different stages of
the workflow?

+ Confirmation. What method can be used to confirm positive results?

Environmental DNA protocol development guide for biomonitoring



+ For long-term programs, conducting a pilot study to inform proper study
design, cost effectiveness, detection probabilities, and spatial distribution
of eDNA of target species can be helpful. If relative abundance is included
in the purpose, pilot studies and calibration with existing methods is

essential.

The experimental design of a project should be done in consultation

with the end users of the data to ensure the project workflow is fit for
purpose. Before the project begins, researchers should communicate

clearly and honestly about how and if eDNA can meet the project goals.

This includes clearly explaining what eDNA testing is capable of and
informing end users about the constraints and limitations of eDNA methods.
Managing expectations around constraints such as abundance data, poorly
amplifying taxa, and so on, is essential to ensure the eDNA project will meet

end-user needs.

Table 2 Factors to consider when designing an eDNA/eRNA study

Factor Considerations Approach
Purpose End-user goal Projects with different
purposes (e.g. routine

Consideration of other biomonitoring vs biosecurity)
potential sources of DNA might require different levels of
(e.g. could the DNA originate stringency and controls
from elsewhere?)

Ethics and Permits might be required Consult with appropriate

permits to collect samples (e.g. in authorities
national parks)
Outcomes of surveys might Consult relevant First Nations
have upstream implications representatives
for First Nations peoples

Budget Budget might not be sufficient Realistic estimates to meet user
to achieve intended purpose needs

Spatial and Single site vs large scale, Design for maximum

temporal extent

single time point vs long-term
sampling

Consider using statistical
(probabilistic) models and
simulations to test your study
design in silico

reproducibility and
transferability

Consider minimum number of
sites to reach adequate spatial
coverage

continues
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Table 2 continued

Factor

Environmental
factors

Considerations

Temperature, UV exposure,
water movement, turbidity,
chlorophyll a, biochemical
oxygen demand, dissolved
oxygen, pH

Approach

Different conditions require
specific methods and materials

Medium Water, sediment, soil, grain, Different media require specific
scat, stomach content, air field and laboratory protocols

Controls Controls should be Different purposes and
implemented at different workflows might require
workflow stages different controls

Target Biology and behaviour of the  Consider potential issues

restrictions

target, likely levels of DNA
in the environment, risk of
cryptic species

Differential amplification
between target taxa

that will affect the sampling
strategy, analysis, and
interpretation of the data

Fieldwork
restrictions

Facilities, distance to
processing laboratories,
contamination sources and
controls, extraction and
preservation options

Sample tracking options

Consider all needs and
potential issues

Laboratory Choice of sample collection Consider benefits and
processing method (e.g. filtration, drawbacks of different sample
sediment core) collection methods at each
stage of the project
Choice of preservation Consider logistics and effects
method of preservation method on
sample quality and extraction
protocol
Choice of DNA extraction Consider logistics and effects of
method extraction method
Assay Assays fit for purpose Validated assay specific to

target species

Metabarcoding primers
validated to detect taxa of
interest

continues
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Table 2 continued

Factor

Replication

Considerations

Need adequate replication
for different environments or
purpose

Approach

Higher replication needed for
certain purposes requiring
higher levels of stringency
(e.g. surveys with potential
legal implications)

More biodiverse regions need
higher sample replication

Staff training
needs

Collection teams might not be
experts

Chain of custody, ensure each
link in chain knows protocols

Ensure all relevant staff
members are adequately
trained

Purpose and stringency

Defining the intended purpose of a study should be the first step in
designing any eDNA project. A thorough understanding of the purpose of
eDNA testing is essential; it will form the framework around which the rest
of the experimental design is built. The purpose of the study will help to
guide decisions around the level of required stringency and what level of
risk can be tolerated when taking management decision based on eDNA
data (Table 3). Projects with legal or high-cost ramifications -such as for
biosecurity regulation purposes - are likely to need higher standards and
stricter protocols than, for example, citizen science projects that aim to
monitor biodiversity.

Table 3 A matrix for assessing the quality or stringency of an eDNA project

Aspect of
project

Experimental

Quality or stringency

Medium (minimum
requirements)

High (desirable)

Power analysis

Robust design and

Low
(insufficient)

Ad hoc sampling

design done and sufficient some replication without
sample size to answer replication
question

Assay design Proven assay with Validated assay Assay has not

known specificity and
sensitivity

been tested

continues
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Table 3 continued

Quality or stringency

Aspect of Medium (minimum Low

project High (desirable) requirements) (insufficient)

Sample Using appropriate Using appropriate Equipment used

collection equipment and equipment and not sufficient
methods to avoid methods to avoid to avoid
contamination, contamination, contamination,
conducted by staff conducted by staff staff with limited
with relevant training ~ who have received or no training
and expertise sufficient training

Quality Positive and negative  Negative controls No or limited

assurance and  controls during during collection and controls

control collection, extraction  extraction throughout the
and processing project

Analysis: In-depth analysis Reporting presence  Reporting

gPCR and validation of or absence. Assay presence or
assays, reporting may not be validated absence only
analytical specificity, = and may have
sensitivity and limits ~ undergone minimum ASSay testing
of detection. Samples  analytical sensitivity ~conditions are
are analysed with and specificity not reported
multiple technical testing. Samples are  a@nd analyses
replicates, and each  analysed using single e completed
analysis includes technical replicates, I the absence
positive and negative  and each analysis of positive and
controls to assess includes positive and Negative controls
method success negative controls

to assess method
success
Analysis: In-depth analysis, Reporting presence  Reporting

metabarcoding

species richness
estimates, occurrence
probability modelling,
error analysis
included

or absence and
species richness
estimates

presence or
absence only

Environmental DNA protocol development guide for biomonitoring
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Table 3 continued

Quality or stringency

Aspect of Medium (minimum Low

project High (desirable) requirements) (insufficient)

Communication Clear and sustained Some No
communication with communication with  communication
end users throughout end users at initial with end users
each phase of the and final phases
project

Optional extra  Parallel surveys with  Data available from  No parallel

validation: traditional methods past parallel surveys surveys
parallel targeting same taxa

traditional

surveys

Source: adapted from Jerde 2019.

Permissions and ethical considerations

Environmental DNA fieldwork might require research or collection permits,
depending on the place where samples are collected. Before the start of an
eDNA project, project leaders should check with the relevant bodies to find
out which permits are required. For example, some states require permits

to import samples from interstate, and research activities in national parks
require specific permits to be in place before the start of sample collecting.

Environmental DNA is a non-destructive sampling method (for large
organisms), which negates the need for most of the human or animal ethic
approvals typical for other methods. At the time of writing, we are not aware
of any institutions that require ethics approval for sampling eDNA from
water, sediment, air or soil samples. We do, however, strongly recommend
consulting up-to-date regulations before commencing any new eDNA
research project.

Surveys will sometimes take place in culturally important locations or detect
culturally significant species. Co-design and co-implementation of projects

is important. First Nations peoples should be engaged during the project
design phase to ensure that methods consider cultural sensitivities and
relevant permissions are received (see Principle 6). Furthermore, there is a
chance that samples might inadvertently detect human DNA, which might be
culturally sensitive for some Traditional Owner groups (Handsley-Davis et al.
2021). Honest and clear communication with Traditional Owners is essential
to avoid conflict and legal implications. In New Zealand, research practices
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should consider the Wai 262 principles (Waitangi Tribunal 2012). It is strongly
recommended that project outcomes are shared with Traditional Owner
communities. The understanding of implications surrounding this issue is
evolving and it is likely that new regulations will be developed in the future.
It is the responsibility of project leaders to stay informed and conform to
the most recent legislation on this matter. If potential concerns exist, it is
advisable to consult with experts at the start of a new eDNA project.

2 Collect samples

Environmental DNA can be collected from many environments and
substrates, so sampling protocols can differ substantially between projects.
A few general principles should be followed when collecting eDNA samples.
The main considerations are collecting an adequate number of samples

for analysis, avoiding cross contamination, implementing appropriate
preservation methods, and ensuring an appropriate chain of custody.

Strict collection processes will preserve the integrity of your samples

and improve testing accuracy.

Logistics around sampling for eDNA can be complicated and should be
considered early in the project. Topics include:

+ spatial and temporal variations in eDNA concentration in the environment
(e.g. spawning events and migrations)

+ fieldwork conditions

+ sample collection method

+ available infrastructure at the sampling locations

* training of collection teams.

Sampling should follow SOPs that are fit for purpose. Custom SOPs might
have to be designed to suit project needs or to ensure interoperability with
other projects within the same organisation.

Collection process

The purpose of the research and experimental design will affect the collection
process. Different substrates, collection, and preservation methods require
different field logistics and yield different results (Koziol et al. 2018). As such,
they cannot be compared directly, which should be taken into consideration
for long-term or ongoing projects. Common substrates used to collect eDNA
include water, sediment, scat, and stomach content. However, eDNA can be
collected from other substrates such as sweeping or vacuum samples, pollen
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and grain. Preservation and collection methods will depend on available
resources and transport time to the laboratory.

In designing and describing the collection process, first establish the best-
practice approach to achieve the study purpose. Based on this best-practice
plan, describe the potential considerations and limitations specific to the
project. The sampling protocol should include a description of responsibility
for each step in the process, and a detailed description of preservation and
storage methods (see Preserve samples for processing).

Sample collection is often done by non-experts, including consultants

and community members who might be unfamiliar with the rigorous
contamination protocols required when collecting eDNA. In these cases,

the sampling plan should be designed for non-specialists, with full details
provided and written in non-technical language. Anticipate potential
problems in the sampling plan (e.g. a particular site is inaccessible, silty water
clogs filters) and provide backup plans to the sampling team to ensure that
useful data are still collected. Training videos or hands-on training may also
be necessary. If possible, test your sampling plan and training resources by
requesting non-technical staff to follow the instructions and identify which
points in the protocol cause confusion. Providing opportunities for feedback
from trainees and updating standard operating procedures accordingly can
help to clarify the process.

Sample size

Deciding on a suitable sample size (number of samples and volume of
samples collected) for a project will vary depending on the purpose of the
study, the type of environment, the characteristics of the target species/
communities, and the known abundance of target species (Stauffer et al.
2021). The probability of detecting targeted DNA in any environment
depends on both the collection method and the concentration and
dispersion of DNA at those sites (Furlan et al. 2019). However, several studies
(e.g. Deiner et al. 2018; Li et al. 2018; Coutant et al. 2021) have shown that
targeted eDNA approaches can be quite robust to technical choices, within
common ranges. The concentration of DNA in turn depends on the biology,
ecology and behaviour of the target species (e.g. shedding rates, mobility,
abundance) (Harrison et al. 2019).

Sampling frameworks can be based on available methods used to assess
eDNA assay sensitivity (Furlan et al. 2016) or published work on similar taxa
and environments. A pilot study may be needed to determine minimum
sample size for long-term monitoring projects, particularly in novel habitats
or with target taxa for which limited empirical eDNA data exist.
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Avoiding cross contamination

Reducing the risk of contamination should be a primary concern when
collecting samples, regardless of the type of sample being collected.
Common sources of contamination include environmental contamination
from other biological materials, poorly decontaminated sampling equipment,
and cross contamination between samples.

It is critical to establish clean and consistent field collection protocols that
reduce the probability of contamination. Decontamination of equipment
and other field gear prior to sampling events is essential for ensuring
sample independence (Goldberg et al. 2016). Consider single-use equipment
and containers for sampling, and clean and sterilise equipment between
sampling as well as before and after sampling. Decontaminating equipment
is best done using >3% sodium hypochlorite (bleach) to destroy any traces
of DNA/RNA. Field equipment supplies and field consumables must not be
stored in areas with high copy number DNA settings, such as PCR laboratory
or tissue handling areas.

Additional measures to reduce contamination risk should include diligent
use of gloves, presterilised equipment, avoiding potential sources of
contamination (e.g. not interacting with other biological materials during
sampling), and including negative controls in the workflow.

Negative field controls (DNA-free samples collected using the same protocol
and equipment, preserved and processed in the same way as field samples)
are critical for detecting contamination (Goldberg et al. 2016). Negative
controls should be collected before and after sample collection at each site
to identify potential sources of contamination.

Once collected, samples should be stored appropriately to avoid cross
contamination until they can be returned to the lab. Samples must not be
stored in areas with high copy number DNA settings, such as PCR laboratory
or tissue handling areas.

It should be noted that contamination can occur at any stage of the process.
Consistently implementing laboratory processes that reduce contamination
risks is therefore important. Such general processes can include

+ segregating laboratory activities based on DNA content and risk potential
* introducing workflow automation where possible

+ choosing consumables that reduce contamination risk.
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Chain of custody

The chain of custody links the samples collected in the environment to the
final processing and analysis. A high-quality chain of custody is important
to ensure the final results of the study are valid and usable, particularly for
legal purposes.

A chain of custody record must be maintained. It must provide a
comprehensive history of each sample. This includes how samples have
been handled and transported (e.g. what temperatures samples were stored
at) and who has been involved. Developing a reliable sample tracking system,
using barcodes or unique sample IDs, is key to doing this effectively.

During experimental design, define the chain of custody, including where it
starts, the data that should be recorded, and who is responsible. Throughout
the study, record all steps from sample collection through to processing and
analysis, including any variations away from the steps determined during
experimental design.

Metadata and documentation

Collecting detailed metadata during sample collections will help to maintain
a good chain of custody to support the analyses and interpretation of
results. This is especially relevant when different teams collect and analyse
data. The metadata scheme should be established before sample collection
begins and be provided to collection teams ahead of fieldwork (Table 4). If
possible, sampling kits can be prelabelled and templates provided for data
collection.

Standardised metadata following the FAIR principles (Findable, Accessible,
Interoperable, Reusable; Wilkinson et al. 2016) should be recorded across

all projects. However, individual projects may have additional specific data
that must be collected. The use of standardised ontologies (e.g. Darwin Core)
and metadata schemes and repositories developed for use with molecular
samples - such as GEOME - is highly recommended (Wieczorek et al. 2012,
Deck et al. 2017, Riginos et al. 2020).
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Table 4 Recommended metadata during sample collection

Metadata field

Unique sample
ID?

Notes

Clear code or designation of
sample unique to the sample

Example
eDNA-ProjC0O6421, barcode

Name collector?

Ideally including contact details

Name Surname name.
surname@email.com
+61412345678

Sample type’

The type of sample that was
collected

Water, scat, grain, bulk

Date + time' Add estimated time of day if 07/04/2022, 15:00
exact time is not possible
Location' Site name and location Battery Point, Hobart

GPS coordinates’

Latitude and longitude
coordinates

-42.886201, 147.335827;

42°53'10"S, 147° 20" 13" E

Sample volume’

Volume of water filtered,
weight of sediment or bulk
sample collected

1L,10g

Collection
method’

Method used to collect the
sample

Filtration method, sediment
core, sweeping

Preservation
method’

Method used to preserve
sample

Freezing, drying, ethanol,
Longmire's solution

Project name

Can be a code or formal

eDNA standards project,

designation PR_eDNA_ST
Control Is sample a negative control or  Negative control
not?
Habitat type Specific type of habitat Coral reef, seamount, lake,

stream, forest, desert

Environmental

Environmental variables

Temperature (surface/at

conditions relevant to the project aims depth), weather conditions,
or which might influence DNA  currents
concentrations

Other Observations relevant to the Fishing vessels nearby, coral

observations

project aims or which might
influence DNA concentrations

spawning, large storm prior
to sampling

continues
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Table 4 continued

Metadata field Notes Example
Problems Issues that occurred during Half of sample spilled, gloves
collecting that might tore, filter clogged after 0.6 L
compromise sample integrity
Filter type' (if Type and pore size Polyethersulfone, cellulose
used) nitrate
0.2 um, 1.2 ym

Collection depth  If sampling from water bodies  Surface, 10 m, 1200 m

Tindicates minimum required metadata

3 Preserve samples for processing

Environmental DNA and RNA begins decaying immediately after it is

shed by an organism. DNA and RNA continue to degrade after they are
collected due to a range of factors, such as UV radiation, mechanical forces,
microbial activity, and spontaneous chemical reactions (Goldberg et al.
2016). Repeated freeze-thaw cycles of samples during or after preservation
can also cause significant DNA and RNA degradation. RNA is a less stable
molecule than DNA and usually degrades quicker than DNA. However,
recent studies have demonstrated that decay-rate constants for eRNA vary,
but can be surprisingly similar to those of eDNA - environmental RNA can
be detected in water samples for 13-72 hours after production, and eRNA
concentrations can even be higher than corresponding eDNA (Yates et al.
2021).

Preservation of eDNA

To slow the degradation of samples, they should be preserved and
processed using standardised protocols as part of the collection process
(see Thomas et al. 2018), or as soon as possible after collection. Timeframes
for preservation and processing should be specified in the experimental
design. You may also need to consider whether long-term storage or
archiving of samples will be required. Different preservation methods

have different levels of handling involved, choosing a method that involves
minimal handling will reduce the risk of cross contamination.

For preservation, samples can be kept in cold conditions until processing
can occur (e.g. some samples can be kept in ice for up to 24 hours before
preserving without compromising detection; Pilliod et al. 2013), although
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this depends on the conditions affecting samples at the time of collection.
In some cases, such as when collecting scat or soil samples, drying may be
a better preservation option, especially when maintaining a consistent cold
temperature is not possible. Drying can be achieved by using silica gel or
calcium chloride moisture-absorbing bags (Nagy 2010, Guerrieri et al. 2020).

Filtration methods can also be used, with the advantage that large volumes
of water or air can be rapidly filtered and samples preserved onsite using
chemical preservation or dehydration (Thomas et al. 2019, Bruce et al. 2021).
However, this may be difficult to perform within a suitable timeframe if
appropriate sampling equipment is not available. If filtration is not practical,
precipitation (Ficetola et al. 2008) can be used to preserve small samples

by adding a salt (typically sodium acetate) and absolute ethanol in the field,
followed by storing the sample at —20 °C. However, precipitation is unwieldy
at large scale, and using ethanol and sodium acetate may enrich for large
DNA at the expense of small, degraded DNA.

Establishing backup samples by splitting a single sample into several can
help to mitigate against contamination but may reduce the chance of
detection if the target is at very low concentration. For DNA aliquoting, it is
a good idea to freeze multiple aliquots to avoid multiple freeze-thaw cycles
during analysis.

Processing of eRNA

Extra care should be taken when targeting eRNA because RNA molecules
are even more vulnerable to degradation than DNA. RNA stability depends
strongly on the type of preservation in addition to sample collection,
harvesting, handling, transportation, and the extraction protocol used. The
gold standard for RNA preservation is immediate liquid nitrogen-based
cryopreservation (=80 °C) after flash freezing (Auer et al. 2014) or filtration;
however, this method may be problematic for many environmental sampling
applications that are without access to liquid nitrogen or suitable freezing
equipment. Alternatively, environmental samples can be submerged in
aqueous, nontoxic stabilising solutions with a storage reagent that rapidly
permeates samples to stabilise and protect cellular RNA (e.g. RNALater,
Invitrogen). The samples must be cooled to -80 °C as early as possible and
kept there until processing can occur.
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4 Extract and isolate DNA/RNA

Processes for extracting and isolating DNA/RNA should be based on
validated commercial extraction kits and methods that are widely available
and commonly used in eDNA-based research. Any novel extraction and
isolation methods should be optimised and standardised for eDNA/RNA use.
Methods must be chosen according to the needs of the project and the type
of sample.

Extraction of eDNA

Commercial DNA extraction kits are available for different substrates,
including soils, biofilms, tissue and water. Soil DNA extraction kits, for
example, have been shown to be efficient at extracting DNA from many
different substrates (Hermans et al. 2018). eDNA recovery rates vary with
preservation and extraction methods (Hinlo et al. 2017). Furthermore,
certain methods, such as precipitation methods, might not work well for
small DNA fragments, so alternative methods should be considered when
expecting heavily degraded DNA.

Extraction of eRNA

Commercial RNA extraction kits, used in conjunction with DNase kits to
ensure no eDNA carryover, can be used to extract RNA from environmental
samples. If DNase is not completed following RNA extraction, then one such
step should be incorporated prior to reverse transcriptase of extracted
RNA. The field of eRNA testing is still young and extraction and isolation
methods are still being formally optimised and standardised for eRNA use.
Methods must be chosen according to the needs of the project and the type
of sample.

5 Ensure quality control and purification
of extracts

All eDNA/eRNA extracts that do not produce positive results must be
assessed for inhibitory substances (i.e. substances in a sample or extract
that have a negative effect on the PCR, reducing assay sensitivity and
increasing the risk of false negative results if they are not removed by the
chosen extraction method). Processes should outline suitable methods to
quantify total DNA/RNA yield and assess the presence of inhibiting factors.
Inhibition can be assessed during qPCR in 2 ways - using a dilution series
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of the eDNA extract with at least 2 dilution points (neat and 1:10) or an
exogenous internal positive control.

In both cases, the presence of inhibitors is shown through evaluating

the cycle threshold (Ct) values. Specifically, diluted eDNA extracts free of
inhibition should behave quantitatively (i.e. 3.3 Ct shift between dilution
points), while inhibited samples will show delayed amplification (Bylemans
et al. 2017, Murray et al. 2015, White et al. 2020). In the same way, the
exogenous internal positive control will also exhibit delayed amplification
in the presence of inhibitors (Conte et al. 2018, Furlan et al. 2015).

Some commercial DNA polymerase master mixes contain substances that
can effectively counteract most gPCR inhibition from eDNA extracts (Jane
et al. 2015), and commercial DNA extraction kits for complex substrates
are able to remove common inhibitors - these should be used by
accredited laboratories. When this is not possible, inhibitor removal steps
can also be included post-extraction to avoid false negative detections
(Schrader et al. 2012).

Table 5 Types of controls that can be implemented during different stages
of environmental DNA workflows

When to use Control type Purpose Method
Sample Negative Detect During fieldwork, collect
collection (= sampling blank) contamination a sample known to not
during sample contain target DNA
collection (e.g. filter 1 L of milliQ
water)

Positive exogenous Detect whether Add exogenous control
control DNA collected in  to samples collected
the field amplifies in the field. Single
well (e.g. presence species (for gPCR),
of inhibitors) or a real or synthetic
mock community for
metabarcoding

continues
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Table 5 continued

When to use Control type Purpose

DNA Negative Detect
extraction (= extraction blank) contamination
during extraction

Method

Extract a blank (no DNA)
sample

Positive exogenous Detectissuesin
control extraction process

Add (non-target-
species) DNA to samples
collected in the field.
Single species (for gPCR),
or a real or synthetic
mock community for
metabarcoding

PCR Negative Detect
contamination
during PCR set up

Non-template technical
replicates. These
controls have all reaction
components, except
water replaces the target
template

Positive exogenous Detect inhibition
control of extracts in PCR
process

Add (non-target-species)
DNA to eDNA extracts.
Single species (for gPCR),
or a real or synthetic
mock community for
metabarcoding

Determine
method success
across the whole
workflow

Analyse environmental
extracts using a generic
primer assay designed to
amplify abundant, non-
target DNA that will be
simultaneously sampled,
captured, extracted

and amplified (or only
amplified) with the target
species’ DNA

Source: adapted from Furlan & Gleeson 2016.
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The type of controls used depends on the project. Controls should be clearly
defined by the sampling process and other methods, such as molecular
biology and bioinformatics. Table 5 describes the range of possible controls.

6 Analyse extracts

There are several molecular methods being tested and explored for their
suitability in testing environmental samples. These currently include the
use of digital PCR (Doi et al. 2015), loop-mediated isothermal amplification
(LAMP; Williams et al. 2017), and high-throughput sequencing methods
coupled with metabarcoding techniques (Ruppert et al. 2019).

This section outlines the minimum requirements for authors, including:

+ description of the molecular method used to analyse environmental
samples

+ explanation of what is measured by the method (e.g. absorbance, droplet
ratio)

+ description of the appearance and criteria for:

positive results

negative results
indeterminate results

unreliable results.

As an example, we provide minimum requirements for quantitative PCR
assays used to test environmental samples.

Quantitative PCR analysis

For species-specific assays, it is recommended that eDNA extracts are
analysed and interpreted using probe-based quantitative PCR (gPCR) analysis
because it is more sensitive and specific than conventional PCR or SYBR-
based qPCR. Probe-based gPCR assays use specific probes that are labelled
with a fluorescent dye (e.g. FAM, VIC, ABY or JUN) and a quencher (e.g. Minor
Groove Binding quenchers, or Black Hole Quenchers) in conjunction with
forward and reverse primers. During qPCR, samples containing the target
eDNA bind the primer and probe and a fluorescent signal is measured in real
time during PCR amplification.
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A gPCR curve has 3 phases: the baseline, in which the reaction is only
beginning to occur and no fluorescence can yet be captured; the exponential
phase, in which the target DNA is ideally being doubled at every cycle; and

a plateau phase, in which the reaction has exhausted amplification capacity
and capture of absorbance reaches a non-incremental phase (Figure 2).

Amplification of targeted sequences results in the measurement of
fluorescence that is directly proportional to the amount of double-
stranded DNA present at each PCR cycle (Figure 2). Fluorescence in Applied
Biosystems real-time PCR software presents results as a semi-log graph
using the ARn, which is the magnitude of the signal generated by the given
set of PCR conditions (Figure 3).

Variance in amplification among technical replicates can occur due to low
template abundance in samples (Figure 4). Ideally, amplification of samples
should cross the common threshold with little variation (Figure 5). Evidence
of primer-dimer or early non-target amplification may be seen in the analysis

(Figure 6).
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Source: modified from the SIGMA® Life Science qPCR technical Guide.

Figure 2 PCR amplification plots of relative fluorescence (standard X-Y plot)
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Amplification plots obtained using a 10-fold serial dilution of the same target (5 replicates of each level). Samples
with high concentrations of target template exhibit fluorescence in early cycles (e.g. red), while samples with

low concentrations of target template fluoresce in late cycles (e.g. blue). The horizontal red line is the common
fluorescence threshold of the analysis.

Figure 3 Probe-based quantitative PCR amplification plot
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The horizontal red line is the common fluorescence threshold of the analysis.

Figure 4 Probe-based gPCR amplification plot of high (red) and low (purple)
concentrations of target DNA
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Figure 6 Negative detection signal in probe-based quantitative PCR amplification plots
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Positive detection

For positive results to be accepted as reliable, the following criteria are
recommended:

+ All positive controls must exhibit positive amplification curves that cross
the common fluorescence threshold at the expected cycle.

+ All non-template controls, blank extraction and field controls should not
show amplification.

+ Test sample PCR replicates exhibit positive amplification curves that cross
a common fluorescence threshold and are within Ct cut-off values that are
based on the limit of quantification and detection for each assay.

If these conditions are met, the results are assumed to be positive. To
confirm the positive result, amplicons must then be confirmed by Sanger
sequencing and show 99-100% pairwise similarity to accepted accessions in
online repositories.

Negative detection

For negative results to be accepted as reliable, the following criteria are
recommended:

+ All positive controls must exhibit positive amplification curves that cross
the common fluorescence threshold at the expected cycle.

+ All non-template controls, blank extraction and field controls should not
show amplification.

+ Test sample PCR replicates exhibit amplification curves that do not cross
a common fluorescence threshold or fall within Ct cut-off values that are
based on the limit of quantification and detection for each assay (Figure 6).

Indeterminate

PCR replicates are considered as indeterminate if:

+ all positive controls cross the common fluorescence threshold.

+ all non-template controls and blank extraction and field controls do not
show amplification.

+ test sample PCR replicates exhibit amplification curves that cross a
common fluorescence threshold outside of Ct cut-off values based on the
limit of quantification and detection for each assay.

If these conditions are met, the results are assumed to be indeterminate.
To confirm the indeterminate result, amplicons must then be confirmed
by Sanger sequencing and show 99-100% pairwise similarity to accepted
accessions in online repositories.
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Unreliable

Results are considered unreliable if they show any of the following
3 outcomes (Figure 7):

* No positive controls show amplification.
+ Non-template or blank controls show amplification.
+ Field or extraction negative controls show amplification.

If this occurs, samples must be reanalysed with the following inclusions in
the plate:

* Reaction replicates must be completed without template DNA or eDNA
to confirm reagent contamination. If any of these replicates crosses the
common fluorescence threshold, then reagents used in the prior plate
are contaminated and should be disposed of immediately. Fresh stocks
of primer, probes, mastermix and water (and IPC, if used) should be used
from that point forward.

+ Reaction replicates with extract from the extraction and field blank
samples. If any of these replicates crosses the common fluorescence
threshold, then cross contamination may have occurred during sample
collection (field controls) or during eDNA extraction processing (extraction
controls), and all analysed samples must be re-extracted. Samples should
be tested again.

If none of these replicates cross the common fluorescence threshold, then
cross contamination may have occurred during the prior plate set up or
loading of positive controls and standard dilutions. Results from this plate
should be accepted instead of the previous results.
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Figure 7 Identifying unreliable results in gPCR analyses
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7 Interpret and communicate results

Results of eDNA surveys can require a different approach to interpretation
from traditional surveys. Target species detected in eDNA surveys might

not have been detected in previous or parallel surveys using traditional
methods. Such differences have raised concerns in the past (Sepulveda et al.
2020) and might need to be addressed. Typical differences between eDNA
metabarcoding methods and traditional methods investigating species
assemblages include detecting more cryptic and/or transient species. This

is a reflection of normal traditional and eDNA method biases, rather than
errors in the metabarcoding process.

When high levels of stringency are required, as can be the case in biosecurity
applications, addressing the level of certainty in positive or negative
detections of a target species might be crucial to inform management
(Figure 8; see also Ensure good communication). Likewise, the potential for
false negative or positive results should be considered when interpreting
results. This approach ties in with explicitly considering the limitations
inherent to eDNA studies in general and those specific to the survey results.

No Single positive Multiple positive
detections detection detections

Check controls and re-run analysis

No Positive
detections detection(s)

_I * VvV VvV

Collect more samples
at positive site(s)

No Single positive Multiple positive
detections detection detections

A 4

Continue routine Increase DNA sampling Start traditional
DNA sampling sampling

Bold arrow colours indicate risk of significant impacts; dark blue: low risk; green: medium risk; orange: high risk.

Figure 8 Example of a management decision tree for high-stringency, species-specific
eDNA sampling results, such as for biosecurity projects
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When communicating results, explain the meaning of results clearly and
accurately. Ensure any data visualisation does not distort meaning.

It is important to emphasise limitations and explain uncertainties

(e.g. surrounding relative abundance data, taxonomic resolution, incomplete
reference libraries) to avoid end users misinterpreting data. This would likely
also include discussing the differences between false positives and negatives
and how they might relate to the purpose of the project. A clear way to
report negative results is describing them as ‘below detection level’ instead
of ‘zero’. Asking clients to voice their interpretation of results can help to
check if they have correctly understood the meaning of important results.

The purpose of many eDNA applications is to inform management decisions.
While these decisions are unlikely to be taken by the team executing an
eDNA project, results of a study might require considering the options for
follow-up actions to provide clearer results, confirm positive and negative
detections, or address flaws in the study design.

Summary of key steps for environmental
DNA/RNA test protocols

Step 1 Experimental design:
+ Define purpose
« Decide level of replication, spatial extent, assay
« Decide on appropriate analysis methods
« Consider fieldwork logistics
«  Account for realistic budget

Step2 Minimum protocols for collecting samples:

«  Wear personal protective equipment (PPE), at minimum gloves
when collecting, take steps to avoid cross contamination

« Sterilise all equipment
* Include negative controls
* Record appropriate metadata
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Step 3

Minimum protocols for preserving samples for
processing:

Specify the collection medium (e.g. filter mesh size, material, size)
Specify the collection volume, container material

Record the preservative details (e.g. concentration, hazardous
details)

Minimum protocols to extract and isolate
DNA/RNA:

Sterilise equipment and consumables (use single-use consumable
where possible)

Use a validated extraction kit or method
Perform an extraction of negative controls
Include an endogenous control

Minimum protocols to ensure quality control and
purification of extracts:

Determine inhibition
Include inhibitor removal steps and purification processes
Determine final eDNA/eRNA extract yield and concentration

Minimum protocols for analysis (this uses qPCR as
an example, but should be tailored to the selected
molecular technique):

Include positive and negative controls, including field and
extraction negatives

Record reaction concentrations and thermal profiles

Include standard serial dilutions curve preparation and quality
Record details on technical replicates and assay limit of detection
Determine false positive amplification and cross contamination
Determine non-target amplification

Confirm positive detection

Minimum protocols for interpretation and
communication:

Ensure interpretation takes the study purpose and stringency
needs into account

Communicate the results precisely and accurately, including
method limitations and levels of certainty
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Resources

International best-practice guidelines:

+ European Union: Bruce K, Blackman R, Bourlat SJ, Hellstrom AM, Bakker
J, Bista |, Bohmann K, Bouchez A, Brys R, Clark K, Elbrecht V, Fazi S,
Fonseca V, Hanfling B, Leese F, Machler E, Mahon AR, Meissner K, Panksep
K, Pawlowski J, Schmidt Yafiez P, Seymour M, Thalinger B, Valentini A,
Woodcock P, Traugott M, Vasselon V & Deiner K (2021) A practical guide
to DNA-based methods for biodiversity assessment. Advanced Books,
doi:10.3897/ab.e68634.

+ Japan: Minamoto T, Miya M, Sado T, Seino S, Doi H, Kondoh M, Nakamura
K, Takahara T, Yamamoto S, Yamanaka H, Araki H, lwasaki W, Kasai A,
Masuda R & Uchii K (2021). An illustrated manual for environmental
DNA research: Water sampling guidelines and experimental protocols.
Environmental DNA 3(1):8-13, doi:10.1002/edn3.121.

+ Switzerland: Pawlowski |, Apothéloz-Perret-Gentil L, Machler E & Altermatt
F (2020). Environmental DNA applications in biomonitoring and bioassessment
of aquatic ecosystems: Guidelines. Federal Office for the Environment,

Bern, www.researchgate.net/publication/346511410_Environmental _
DNA _applications_for_biomonitoring_and_bioassessment_in_aquatic_
ecosystems.

Recent review papers:

+ Beng KC & Corlett RT (2020). Applications of environmental DNA
(eDNA) in ecology and conservation: opportunities, challenges and
prospects. Biodivers Conserv 29(7):2089-2121.

+ Gaither MR, DiBattista JD, Leray M & von der Heyden S (2022).
Metabarcoding the marine environment: from single species to
biogeographic patterns. Environmental DNA 4(1):3-8.

« Pawlowski J, Bruce K, Panksep K, Aguirre Fl, Amalfitano S, Apothloz-
Perret-Gentil L, Baussant T, Bouchez A, Carogati L, Cermakova K, Cordier
T, Corinaldesi C, Cost FO, Danovaro R, DelllAnno A, Duarte S, Eisendle U,
Ferrari BJD, Frontalini F, Fruhe L, Haegerbaeumer A, Kisand V, Krolika A,
Lanzen A, Leese F, Lejzerowicz F, Lyautey E, Macek |, Sagova-Mareckova
M, Pearman JK, Pochon X, Stoeck T, Vivien R, Weigand A & Fazi S (2022).
Environmental DNA metabarcoding for benthic monitoring: A review
of sediment sampling and DNA extraction methods. Science of the Total
Environment 818:151783, doi:10.1016/j.scitotenv.2021.151783.

* Rourke ML, Fowler AM, Hughes JM, Broadhurst MK, DiBattista JD, Fielder
S, Walburn JW & Furlan EM (2022). Environmental DNA (eDNA) as a tool for
assessing fish biomass: A review of approaches and future considerations
for resource surveys. Environmental DNA 4(1):9-33.
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* Yates MC, Derry AM & Cristescu ME (2021). Environmental RNA: a

revolution in ecological resolution? Trends Ecol Evol 36(7):601-609,
doi:10.1016/j.tree.2021.03.001.

Relevant methods papers:

Calderén-Sanou I, Minkemuller T, Boyer F, Zinger L & Thuiller W (2020).
From environmental DNA sequences to ecological conclusions: How strong
is the influence of methodological choices? J Biogeogr 47(1):93-206.

Furlan EM, Gleeson D, Hardy CM & Duncan RP (2016). A framework for
estimating the sensitivity of eDNA surveys. Mol Ecol Resour 16(3):641-654,
doi:10.1111/1755-0998.12483.

Kumar G, Eble JE & Gaither MR (2020). A practical guide to sample
preservation and pre-PCR processing of aquatic environmental
DNA. Mol Ecol Resour 20(1):29-39.

Wood SA, Pochon X, Ming W, von Ammon U, Woods C, Carter M, Smith M,
Inglis G & Zaiko A (2019). Considerations for incorporating real-time PCR
assays into routine marine biosecurity surveillance programmes: a case
study targeting the Mediterranean fanworm (Sabella spallanzanii) and club
tunicate (Styela clava). Genome, doi:10.1139/gen-2018-0021.

Zaiko A, Greenfield P, Abbott C, von Ammon U, Bilewitch J, Bunce M,
Cristescu ME, Chariton A, Dowle E, Geller J, Ardura Gutierrez A, Hajibabaei
M, Haggard E, Inglis GJ, Lavery SD, Samuiloviene A, Simpson T, Stat M,
Stephenson S, Sutherland J, Thakur V, Westfall K, Wood SA, Wright M,
Zhang G & Pochon X (2021). Towards reproducible metabarcoding data:
Lessons from an international cross-laboratory experiment. Mol Ecol
Resour 22:519-538, doi:10.1111/1755-0998.13485

Zhang S, Zhao ] & Yao M (2020). A comprehensive and comparative

evaluation of primers for metabarcoding eDNA from fish. Methods Ecology
Evol 11(12):1609-1625.

Other useful resources:

Atlas of Living Australia: Australia’s largest repository of biodiversity
occurrence data, including eDNA data

Australian Microbiome Initiative: Characterising the diversity and
ecosystem services of microorganisms, includes lab and bioinformatic
workflows
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