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marine environments
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Fisheries management involves a broad and complex set of tasks that are

necessary to prevent overfishing and to help the recovery of overfished stock.

Monitoring fishing activities based on two main sources, landings data and

scientific surveys, is a challenging task. Fisheries collection data is often limited,

which compromises the accuracy of the results obtained. Therefore, several

emerging applications of molecular methods have the potential to provide

unique understanding of ecological processes in marine environments and to

build stronger empirical underpinnings for the Ecosystem-Based Fisheries

Management. Environmental DNA (eDNA) is a complex mixture of genetic

material shed by those organisms that inhabit a given environment, whereby

DNA is extracted from an environmental sample without accessing the target

organism. eDNA studies can be categorized into twomain approaches, i) eDNA

metabarcoding or semi-targeted (community) approaches and ii) species-

specific or targeted approaches (single). Although both categories are often

discussed, they differ drastically in their methodology, interpretations and

accuracy. Both approaches involve a series of steps that include eDNA

capture, preservation, extraction and amplification. This detection will

depend on the affinity to the targeted taxa sequences and completeness and

accuracy of DNA reference collection databases. The eDNA method applied in

marine environments are probably the most challenging aquatic environments

for applying this technique. This is because of the extreme relationship

between water-volume to biomass, dynamics and the physical and chemical

properties of seawater that affect dispersion, dilution and preservation. Here,

we review the present application of this novel method in fishery assessment in

marine environments. To date, many studies suggest that this method offers

the potential to revolutionize fisheries monitoring, which will contribute to

improving the range of tasks involved in fisheries management. The compelling

conclusion is that the methodological steps including in eDNA surveys should

be standardized and that research efforts should focus on developing

appropriately validated tests to address environmental and sampling factors
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that may affect eDNA detection in marine environments in order to draw

reliable conclusions. This bioassessment tool can assist fisheries professionals

in achieve their research, management, and conservation objectives, but not as

a replacement for time-proven assessment methods.
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Fisheries

Marine fisheries

Fisheries management involves a broad and complex set of

tasks (e.g., gathering, analyses, decision-making, resources

allocation, implementation), which have the common goal of

ensuring the continued productivity of the resources and the

accomplishment of other fisheries objectives (Cochrane and

Garcia, 2009). Knowledge and management of fisheries depends

on accurate and precise data on the distribution and population

status of exploited species. According to Cochrane (2000), there are

key principles of fisheries management include i) fish stocks and

communities, ii) biological production of a stock, iii) demand for

human consumption, iv) multispecies fisheries, v) uncertainty of

data collection, vi) the short-term dependence on society, vii)

ownership of the resource and viii) appropriate communication.

These principles cannot be considered in isolation, in line

with the integrated nature of fisheries ecosystems. Because of

this, the concept of Ecosystem-Based Fisheries Management

(EBFM) was incorporated. It is a holistic concept for

managing fisheries and marine resources by considering the

entire ecosystem of the species under management. The main

objective of EBFM is to maintain the ecosystem in a healthy,

productive and resilient condition so that it can provide the

services that humans need (Pikitch et al., 2004). Since this

concept was proposed, regular monitoring of the marine

environment and its living resources has become increasingly

necessary. Monitoring of fishing activities is based on two main

sources of information: landings data (fishery-dependent) and

scientific surveys (fishery-independent) (Dennis et al., 2015).

The former type of data is often limited, compromising the

accuracy of the results obtained, and the latter depends on the

huge operational costs of the vessels (Dennis et al., 2015). Tools

to monitor the interaction between fisheries and the

environment are diverse, complex and difficult to characterize

accurately. Thus, several emerging applications of molecular

methods have the potential to provide unique insights into

ecological processes in marine environments and to build
02
stronger empirical underpinnings for EBFM (Ovenden

et al., 2015).
What is eDNA?

Environmental DNA (eDNA) is defined as DNA captured

from an environmental sample without first isolating any target

organisms (Taberlet et al., 2012a; Deiner et al., 2017). This refers

to any DNA that is collected from the environment rather than

directly from an organism, originating from body cells or waste

products of organisms. This DNA is released from organisms

into a variety of environmental samples such as soil, seawater,

snow, or even air (Ficetola et al., 2008; Epp et al., 2012; Turner

et al., 2015). Environmental monitoring through DNA is a

rapidly growing field largely driven by novel technological

developments such as microarray analysis, high-throughput

sequencing (HTS), quantitative Polymerase Chain Reaction

(qPCR)/droplet digital PCR (ddPCR) and improved

bioinformatics capabilities. For eDNA two approaches can be

considered, i) based on DNA metabarcoding employing HTS to

detect multi-species of mixed and large complex communities,

and ii) generally based on qPCR and ddPCR, where the aim is to

determine the presence or absence of a single species (e.g.,

invasive, rare, elusive or endangered species).

The eDNA surveys have recently been proposed as a tool to

improve fisheries assessments, and thus conservation success by

reducing systematic errors in species richness inference resulting

from low detection probabilities and species misidentifications

(Evans and Lamberti, 2018). The eDNA concept began in the

90s, with the development of a new method for the isolation of

DNA from a variety of sediments (Ogram et al., 1987) and the use

of barcoding to phylogenetically analyse clone libraries of

eubacterial 16S ribosomal RNA genes amplified from natural

populations of the Sargasso Sea (Giovannoni et al., 1990;

Figure 1). At the beginning of the 21st century, there was an

increase in eDNA-based studies for the detection of

microorganisms (Handelsman et al., 1998) and macroorganism

species fromwater and soil samples (e.g., Ficetola et al., 2008). In the
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FIGURE 1

Timeline of representative eDNA literature between 1987 and 2022. The last five years only consider studies of biological monitoring in marine
environment.
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early 2000s, next-generation platforms emerged, leading to new

techniques such as metabarcoding and metagenomics.

The first reviews related to eDNA were published in the early

2010s (e.g., Lodge et al., 2012; Taberlet et al., 2012a; Bohmann

et al., 2014; Figure 1). The foremost uses of eDNA detection in

the marine environments were conducted by Foote et al. (2012)

for small-scale genetic monitoring of marine mammals, and by

Thomsen et al. (2012a) for analyses of marine macrofauna and

meiofauna using seawater samples. In addition, Kelly et al.

(2014) published an aquatic eDNA analysis method and also

developed a process to monitor the census of marine fishes in a

large mesocosm. Furthermore, studies focusing on the

comparison of traditional monitoring methods and eDNA

(e.g., Boussarie et al., 2018; Knudsen et al., 2019; Stoeckle

et al., 2021; Truelove et al., 2019; Figure 1) have helped to

demonstrate the high utility of this novel method.

The number of scientific articles published on marine eDNA

is lower than the rest of articles focused in the detection of

freshwater organisms. However, a search in Google Scholar with

both terms “eDNA and ocean”, yielded over 6500 existing

articles until the year 2017. And in the last five years (2017-

2021) almost 9500 articles have been published, of which 3000

articles are related with fisheries topics, which demonstrate that

eDNA is currently widely used in this field.
Applications in fisheries management

eDNA offers a potentially powerful method to improve

different task related to fisheries assessment in marine

environments, mainly in regards to marine biomonitoring by

significantly increasing spatial and temporal biological

monitoring in aquatic ecosystems due to the ease of water

samples collection (Thomsen and Willerslev, 2015; Sassoubre

et al., 2016), and by reducing labor-intensive routine

taxonomic identification.

eDNA is an efficient tool for the accurate species

identification, which is a key aspect of fisheries management.

Determining the species compositions of local assemblages is a

prerequisite for understanding how anthropogenic disturbances

affect biodiversity. eDNA analysis has the potential to detect

changes in the biological composition of communities in

different ocean regions, which are much more challenging to

measure because most biological monitoring methods focus on a

limited taxonomic or size range, and is capable of identifying a

huge phylogenetic range of organisms down to the species level.

Several studies have demonstrated the utility of eDNA

metabarcoding for assessing fish diversity (Supplementary

Table S1). Biodiversity baselines can therefore be compiled

through eDNA, which can help to understand short or long-

term changes through comparison with future collections

(Jarman et al., 2018; Djurhuus et al., 2020).
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The eDNA method also has the potential to estimate

abundance or biomass (see references in Supplementary Table

S2), a key aspect for its application in stock assessments. The

ability to estimate abundance based on concentrations of eDNA

relies in part on the assumption that the release of eDNA from

feces, secretions, or tissues correlates with the abundance or

standing biomass of the respective individuals. Previous eDNA

experiments using discrete static mesocosms (aquaria or ponds)

showed an association between density and amplification rate

(Ficetola et al., 2008), density and DNA concentration

(Thomsen et al., 2012b), and biomass and DNA concentration

(Takahara et al., 2012). Although several studies have found a

positive relationship between eDNA concentration and

abundance or biomass in lentic and lotic systems (Doi et al.,

2017; Lacoursière-Roussel et al., 2016a; Takahara et al., 2012),

there remains substantial variability around this relationship

(Goldberg et al., 2015; Jerde and Mahon, 2015). In particular, the

relationship between biomass and eDNA in flowing waters

remains unclear due to contrasting results (Laramie et al.,

2015; Spear et al., 2015; Doi et al., 2017; Hinlo et al., 2017).

The variation in the relationship between eDNA and density

could be due to differences in movement and retention of eDNA

in the systems, for ecample., while eDNA in lentic systems is

contained, transport of eDNA in lotic environments is

complicated by flow and stream morphologies (Goldberg

et al., 2011; Jerde et al., 2011; Olson et al., 2012).

The patchy distribution of fish DNA and the large variation

in copy numbers in samples from the same location currently

preclude making inferences about fish abundance (Hinlo et al.,

2017). Some difficulties with the use of copy numbers are also

related to variation in DNA source (e.g., multiple copies of

mtDNA). Copy numbers may indicate some relationship with

biomass, but this is also confounded with diversity in size

distribution and life history stage of individuals. The

correlation between eDNA copy number and catch per unit

effort in flowing systems requires further study. Some

publications suggest that temporal factors such as breeding

and migration seasons, should also be considered in eDNA

studies to increase the probability of detection (Thomsen and

Willerslev, 2015; Barnes and Turner, 2016). Future studies on

the temporal and spatial aspects of eDNA in various species and

habitats should be carried out to evaluate the eDNA method in

terms of conservation issues (Thomsen and Willerslev, 2015;

Furlan et al., 2016). Some studies argue that results obtained with

this method should be taken with caution, mainly regarding the

inference of abundance through eDNA concentration, especially

in natural flowing water bodies. The nature of each marine

species, such as habitat preference, could affect the dispersal of

eDNA in the water column and thus compromise the success of

eDNA (Hinlo et al., 2017). The use of eDNA as a detection tool

holds great promise, but as it entails additional cost and effort,

studies comparing the performance of eDNA with conventional
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tools during routine monitoring are needed for its adoption

by management.

Using eDNA as a tool for generating population genetic data

can be a preferred alternative to sampling biological tissues,

which is often expensive and invasive. Knowledge of genetic

structure helps conservation management to delineate

Management Units and/or stocks and organize actions to

preserve genetic diversity (Palsbøll et al., 2007; Abdul-

Muneer, 2014). Population characteristics of large whale shark

aggregations inferred from seawater eDNA showed that HTS of

seawater eDNA can provide useful estimates of genetic diversity,

thus extending the applications of eDNA to encompass

population genetics of marine organisms (Sigsgaard et al., 2016).

Thomsen et al. (2016) reported eDNA metabarcoding of

seawater samples and compare eDNA sequence reads with

parallel trawl catch data. The two sampling methods showed

generally good overlap. They presented results that suggest a

correspondence between fish density (abundance and biomass)

and marine eDNA sequence reads produced from Illumina HTS

and show a possibility to assess marine fish stock using water

samples. Calibration of this new technology against traditional

methods is complex due to the fact that all marine monitoring

techniques have “catchability” biases (Arreguıń-Sánchez, 1996;

Fraser et al., 2007). In this sense, Stoeckle et al. (2021) describe

an example of bottom trawl fishery. These authors highlighted

that bottom trawl catches are influenced by aspects of equipment

such as net type, mesh size, and towing speed, and by biological

factors such as patchy distribution and habitat preference. They

suggested that eDNA surveys should be calibrated and compared

with established methods in diverse habitats under a variety of

hydrographic conditions.

eDNA analysis in fisheries science has also focused on the

application of the method to the detection and monitoring of

invasive fish and at-risk species. The sensitivity of eDNA-based

methods makes them ideal for detecting the presence of species

when efforts to detect low-density species would be unmanageable,

such as the presence and distribution of low-density invasive,

elusive, or threatened species (Dejean et al., 2012; Takahara et al.,

2013; Rees et al., 2014). The non-invasive nature of eDNA analysis

may provide advantages over traditional capture-based sampling by

allowing the presence or absence of species to be determined

without disturbing the fish or their environment. This approach

could be particularly beneficial in endangered species situations,

where there is a significant risk of injury to fish or damage to critical

habitat (Evans and Lamberti, 2018). For endangered species in

particular, a non-invasive genetic sampling technique that could

provide information on absence/presence data and even estimates

of population size, would therefore be of great use for the

conservation and management of these species. In addition,
Frontiers in Marine Science 05
eDNA approaches may offer a cost-effective way of obtaining

basic distribution and abundance data, and allow limited

conservation resources and taxonomic knowledge to be efficiently

deployed to maximise returns (Rees et al., 2014). These points have

highlighted the potential of eDNA analysis to improve assessments

of rare species, as well as to assist in routine fisheries sampling.

Several studies have illustrated that eDNA analysis can reliably

detect the presence of fish in marine ecosystems where they are

known to occur through catch-based sampling (see references in

Supplementary Table S1).

The effectiveness of eDNA has been evaluated in comparison

with traditional monitoring techniques (e.g., Knudsen and

McDonald, 2019; Russo et al., 2021; Stoeckle et al., 2021). The

results of most of these studies indicate that eDNA has higher

detection rates and has a higher cost-effectiveness or higher

catch per unit effort than traditional sampling methods. Scaling

up long-term biomonitoring programs with eDNA could

improve taxon detection and resolve long-term patterns or

changes in species of interest (Berry et al., 2019). eDNA

assessment can be used for biomonitoring of pelagic and

benthic ecosystems targeting fish (Russo et al., 2021; Stoeckle

et al., 2021; Valsecchi et al., 2021), mammals, seabirds (Ushio

et al., 2018), and sea turtles (Kelly et al., 2014). Despite the

advantages of eDNA detection, there is key ecological

information, such as fish recruitment and size/age classes, that

can only be obtained through traditional monitoring.

A virtual workshop was held on 28May 2020, bringing together

a broad cross-section of experts from the genetics and fisheries

assessment communities to discuss the state-of-the-art and identify

barriers and advantages for the application of HTS techniques on

stocks developed under the FishGenome contract “Improving Cost-

Efficiency of Fisheries Research Surveys and Fish Stocks

Assessments using Next-Generation Genetic Sequencing

Methods” (Figure 2). In particular, there was a section discussing

the use of eDNA approaches in fisheries assessment. One of the

main concerns with the use of eDNA that was pointed out is that, to

date, the spatial distribution of eDNA in seawater column is

unknown. The origin of this genetic material cannot be easily

determined and its impact can usually be corrected and buffered by

repetition and proper sampling design. The poor quality of existing

public databases was also identified as a problem, as they contain

significant errors that can mislead in the interpretation of analyses.

For this reason, the construction of a specific database, containing

the species that inhabit the studied environment, can be considered

a recommendable alternative.

Regarding the possibility of using eDNA to estimate biomass

abundance by qPCR, it seems that further research is needed to

calibrate the tool. Once the amount of DNA representing a given

fluorescence signal is determined, the biomass of that resource
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must be calibrated with the amount of DNA, which may depend

on many factors. However, some relationships have been found

in metabarcoding, indicating that qPCR may work even better

for certain species. If the objective is to quantify a species and

continuous monitoring is performed, there is a possibility that

qPCR can provide some relevant information (there is

experience in this regard for detecting presence peaks). It is

not yet known how close or how far we are from the goal of real

biomass quantification that can be integrated into assessment

models by metabarcoding.

As final notes during the workshop, experts suggested that

beyond the measurement of species presence and distribution,

the implementation of eDNA could provide information on

species co-occurrence and relationships across ecological

networks, with environmental parameters. This would improve

quantifiable ecological information of great interest for

biodiversity management and assessment.
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eDNA behavior

Marine environments are probably the most difficult and

challenging aquatic samples to apply the eDNA method. This is

due to the extreme ratio of water-volume to biomass, the effects of

sea currents and wave action on eDNA dispersion and dilution, the

impact of salinity on eDNA preservation and extraction (Thomsen

et al., 2012b). To date, studies of eDNA have mainly focused on

proof-of-concept, and further research is needed on the ‘ecology’ of

eDNA —release and concentration, degradation, and transport—

and its influence on detection, quantification, analysis, and

application of eDNA to assessment and conservation (Barnes

and Turner, 2016; Thomsen et al., 2016; Hansen et al., 2018;

Figure 3). Understanding the origin of eDNA and the physical,

chemical, and biological factors that affect eDNA concentration and

influence its production, persistence, and transport in marine

ecosystems can contribute to our knowledge of the taxa and
FIGURE 2

Scheme of eDNA used in the FishGenome contract virtual workshop “Improving Cost-Efficiency of Fisheries Research Surveys and Fish Stocks
Assessments using Next-Generation Genetic Sequencing Methods”. The definition, applicability and methodology of eDNA from samples
collected from sediment and seawater are indicated.
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environments for which eDNA represents an effective tool (Barnes

and Turner, 2016).

eDNA release and concentration
The concentration of eDNA varies by several orders of

magnitude between different environmental samples, reflecting

the environmental conditions in which DNA is preserved. This

concentration in the environment limits the scope of eDNA

studies, as often only small segments of genetic material remain.

The rate of release and degradation of eDNA, which can be

strongly altered by environmental conditions, determine the

concentration of eDNA in seawater samples (Lacoursière-

Roussel et al., 2016b).

The production of eDNA depends on the biomass, age, and

feeding activity of organisms, as well as physiology, life history,

and space use (Barnes and Turner, 2016; Goldberg et al., 2016).

Different experiments indicate that eDNA concentration is

positively correlated with individual biomass (e.g., Pilliod

et al., 2014; Evans et al., 2016; Piggott, 2016). However, a

point of caution is suggested because differences in size

between species (biological differences) and within a species

(e.g., age structure or morphometrics) are likely to influence

eDNA production and biomass interpretations (Stewart, 2019).
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Differences due to life history stage have been recurrently

observed. For example, incongruities in eDNA production

between juveniles and adults have been demonstrated in fish

(Maruyama et al., 2014), amphibians (Goldberg et al., 2011;

Thomsen et al., 2012b), and invertebrates (Tréguier et al., 2014).

In aquaria-based experiments with bluegill sunfish (Lepomis

macrochirus), juveniles were observed to have slightly higher

excretion rate than adults, possibly due to ontogenetic reduction

of metabolic activity in adults (Maruyama et al., 2014). The risk

of using measures of eDNA abundance in wild populations

without accounting for age-structure would lead to incorrect

estimates of population abundance, especially if populations are

dominated by one or another age class (Maruyama et al., 2014),

such as in dwindling populations with low birth rates, or in

newly founded populations monopolized by juveniles.

Species-specific differences may also affect the quantity and

quality of eDNA production, which is strongly influenced not

only by size but also by the ecology of the target taxa (Stewart,

2019). Indeed, studies have reported disparities in eDNA sources

between and within taxonomic groups (e.g., Goldberg et al.,

2011; Thomsen et al., 2012b; Sassoubre et al., 2016). For

example, eDNA detection was shown to vary between both

cownose ray (Rhinoptera bonasus) and Brazilian cownose ray
FIGURE 3

eDNA ecology affects population inferences: Origin, State, Fate and Transport (redrawing from Barnes and Turner, 2016).
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(R. brasiliensis) suggesting that disparities between species are

related to their migration seasons (Stoeckle et al., 2020).

Thomsen et al. (2012b) also found that eDNA production

rates differed between two juvenile amphibian species and two

fish species.

On the other hand, some studies found increases in the

abundance of eDNA signals during breeding seasons (e.g., Bista

et al., 2017; Stoeckle et al., 2017). For example, eDNA signals

have been shown to be triggered during fish spawning,

suggesting strong seasonal influences on eDNA detection (e.g.,

Laramie et al., 2015; Erickson et al., 2016). Similar results have

also been observed in amphibians and reptiles, presumably

reflecting species-specific behaviour (de Souza et al., 2016)

such as male–male combat and mass release of gametes (e.g.,

Eastern Hellbender, Cryptobranchus alleganiensis; Spear et al.,

2015). Genetic material such as gametes, blood, and other

reproductive tissues (e.g., placenta, lactation, etc.) combine to

make breeding events optimal for eDNA detection in wild

populations. However, this overproduction of DNA at

breeding times may also overestimate the relative presence of a

species both temporally and spatially (Stewart, 2019).

The response of organisms to the presence of others is another

factor to consider. For instance, it is well-known that predators

exert physiological impacts on their prey, including reduced food

intake, increased metabolic rate, and elevated stress (Boonstra,

2013; Van Dievel et al., 2016). Although the exact impact of this

interaction on eDNA production rates is unknown to date, it is

likely to affect these processes. It has been suggested that acute

perturbations of physiological homeostasis, such as stress, may

have effects on sources of genomic material (Pilliod et al., 2014;

Klymus et al., 2015). Several studies have observed an increase in

eDNA production due to osmotic changes or following the

handling of animals (Maruyama et al., 2014; Pilliod et al.,

2014). Increased density (McKenzie et al., 2012), social stress

(Sloman et al., 2000), and shelter availability (Milidine et al., 1995)

are other examples of stresses affecting the metabolic activity of

aquatic organisms, with potential impacts on eDNA sources, that

warrant further investigation.

eDNA degradation
eDNA degradation must be considered in eDNA studies, as

it can reduce the detectability of species over time. The

degradation rate can vary from hours to weeks, depending on

the environment and target species (Thomsen et al., 2012b;

Maruyama et al., 2014; Balasingham et al., 2017; Barnes et al.,

2014; Sassoubre et al., 2016). In sediments and terrestrial soils, a

very low proportion of DNA can persist for long periods,

adsorbed to organic or inorganic particles that protect it from

several potential degradation agents. Dell'Anno and Corinaldesi

(2004) demonstrated that in marine sediments the turnover of

extracellular DNA is ca. 200 times slower than in sea water (up

to 93 days in sediments versus 10 h in seawater). DNA
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persistence is strictly dependent on the nature of the sediment,

e.g., in loamy sediment, persistence time may be similar to

persistence in the water column (Deere et al., 1996). However,

under certain conditions, DNA can be preserved for hundreds of

thousands of years, as observed by Coolen and Overmann (2007)

who were able to analyse DNA in 217,000-year-old anoxic

sediments. In marine environments, eDNA degrades faster

than in freshwater environments, and can be used to obtain a

“snapshot” of the species present in that particular environment

at the time of sampling, or a few days or weeks earlier.

On the other hand, in marine and freshwater environments,

different studies have evidenced that eDNA persistence can vary

throughout the water column. In this sense, Matsui et al. (2001)

reported a greater degradation of eDNA in the epilimnion (the

upper, warmer layer of a thermally stratified lake and more

exposed to UV radiation) than in the hypolimnion (the lower,

colder layer of a thermally stratified lake). However, this

difference in detection time appears to be due to current flow

and related dilution, rather than DNA degradation, which is an

important variable when dealing with a dynamic system such as

the ocean.

eDNA transport
Once released into the environment, eDNA is transported

away from organisms and begins to degrade. To better

understand the distribution of eDNA in relation to species

distribution, studies have begun to examine how this complex

DNA signal is transported horizontally and vertically in aquatic

environments, as the process of eDNA transport or diffusion is

fundamental to sampling design and spatial inference.

Understanding this transport is essential to relate the detected

eDNA to the presence of species both in space (i.e. how close a

species was to the location of eDNA detection) and in time (i.e.

how recent the presence of the detected species was). For

important conservation applications, being able to connect a

positive eDNA detection within specific spatial and temporal

boundaries is essential for drawing robust conclusions (Barnes

and Turner, 2016).

In marine environments, where long-distance transport is

possible, eDNA transport remains a problem (Thomsen et al.,

2012a). Vertical transport (i.e. settling) of fish eDNA

accumulation in sediments has also been described (Turner

et al., 2015). Resuspension of sedimented eDNA within water,

considering the high concentrations of sedimented fish eDNA

that have been observed, could represent an important element

of eDNA ecology (Turner et al., 2015). As eDNA is currently a

tool used for contemporary biodiversity monitoring and

conservation, it is crucial that the results reflect the current

state of an ecosystem. In this regard, it is important to consider

the fact that eDNA in soil appears to be able to persist for

decades and centuries (Andersen et al., 2012; Yoccoz, 2012) and

the potential release of “ancient” eDNA from bottom sediments
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into water column could complicate the use of aquatic eDNA as

strict contemporary biodiversity surveys.

Factors influencing the detectability of eDNA
The factors that influence the persistence of eDNA in aquatic

environments have been the subject of different studies,

concluding that they fall into two broad categories: (i the

abiotic environment (i.e. temperature; UV radiation, salinity);

and (ii the biotic environment (i.e. composition and activity of

the microbial community and extracellular enzymes) (Barnes

and Turner, 2016). These factors can affect both production and

degradation of eDNA.

Abiotic environment

This factor plays a major role in the rate of DNA release and

degradation in marine environments. Water temperature can

affect the release of DNA from organisms and thus the

availability of eDNA for detection. The effect of temperature

on DNA release can be due to different reasons. For example,

fish metabolism, growth, physiology, and immune function are

influenced by water temperature (Engelsma et al., 2003; Person-

Le Ruyet et al., 2004; Takahara et al., 2011). As a by-product of

metabolic influences, evidence suggests that temperature

additionally affects the production of feces and urine in fish

(Selong et al., 2001; Gale et al., 2013), presumably the main

component of eDNA sources. Fish mobility increases with water

temperature (Petty et al., 2012), so genetic signals may also be

more homogenised and/or spatially dispersed. The immune

response can also facilitate mucus excretion and epithelial cells

shedding. Studies to date have found conflicting results; in

mesocosm experiments, no effect was found in two studies

(common carp, Cyprinus carpio, Takahara et al., 2012; bighead

carp, Hypophthalmichthys spp., Klymus et al., 2015), while there

was a significant increase in production rates in Mozambique

tilapia (Oreochromis mossambicus; Robson et al., 2016). In a field

study, high water temperature significantly increased the

amount of brook charr (Salvelinus fontinalis) eDNA within the

water column and, moreover, biomass and thus predictability of

population abundance increased at higher temperatures

(Lacoursière-Roussel et al., 2016a, Lacoursière-Roussel et al.,

2016b). In addition, temperature itself may affect the excretion of

genetic material into the environment when phenologies

simultaneously affect other physiological (e.g., metabolic

regulation) or behavioural responses (e.g., temporal avoidance)

of the organism.

Another such factor is the effect of UV radiation on

detectability of eDNA. It was shown that eDNA was no longer

detectable in samples exposed to full-sun after 8 days, but it was

possible to detect eDNA in samples that were stored in the dark

after 11 and 18 days, demonstrating the direct effect of UV

radiation on eDNA (Pilliod et al., 2014).
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Adaptation to saline environments also requires

physiological compensation and acclimatization. In most

marine fish species, egg fertilization and incubation, early

embryogenesis, swim bladder inflation, and larval growth are

salinity-dependent (Boeuf and Payan, 2001). In fact, studies

have shown that up to 50% of the total energy of fish can be

devoted to osmoregulation (Bushnell and Brill, 1992), and that

food intake, feed conversion, and hormones associated with

growth regulation depend on environmental salinity (Boeuf and

Payan, 2001). Smoltification of salmon, for instance,

demonstrated a drastic physiological adaptation to seawater,

resulting in a significantly different metabolism than their

freshwater counterparts (e.g., McCormick et al., 1989).

Widespread links between salinity and fish growth have been

demonstrated for both marine and freshwater species, with

general patterns suggesting that growth rates of marine species

increase in slightly more saline environments, while

development of freshwater species shows the opposite

relationship (Boeuf and Payan, 2001). While assessment of

marine species richness and approximate abundance is a

relatively new foray for eDNA (e.g., Günther et al., 2018;

Knudsen and McDonald, 2019), it has proven successful for

accurate detection, but read abundance has failed to find to be

easily correlated with DNA ratios (Günther et al., 2018) or

traditional visual measures of biomass, such as trawling

(Knudsen and McDonald, 2019).
Biotic environment

eDNA studies showed that DNA persistence in aquaria

experiments, where water temperature and sunlight conditions

were the same, ranged from one week to one month (Dejean

et al., 2011; Thomsen et al., 2012b; Piaggio et al., 2014).

Differences in DNA persistence time observed in these studies

could be explained by differences in animal density. Endogenous

nucleases are another factor influencing the amount of eDNA in

the environment (Hebsgaard et al., 2005). Furthermore,

disruption of the cell structure releases DNA and cellular

fluids into the environment. This, in turn, stimulates the

growth of microorganisms and leads to further degradation of

DNA by their exogenous DNases (Hebsgaard et al., 2005;

Willerslev and Cooper, 2005). Temperature also has an

important influence on the action of endonucleases and

microorganisms, as at low temperatures these activities can be

slowed down or even inactivated (Hofreiter et al., 2001;

Zhu, 2006).

Hydrolysis and interstrand crosslinks are another source of

DNA damage (Herder et al., 2014). They influence the

accessibility to DNA-polymerases and prevent DNA strand

cleavage, which blocks DNA replication (Noll et al., 2006).

Consequently, amplification of DNA extracted from an

environmental sample (e.g., water, soil, sediment) is prevented
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(Hansen et al., 2006), and the species will not be detected.

Decreased DNA detection in the water column could also be

due to uptake of DNA by sediments and organic matter present

in the water (Deere et al., 1996). Corinaldesi et al. (2008)

investigated which environmental factors (temperature, salinity,

organic matter loads, and redox potentials) could affect

extracellular DNA damage and degradation rates in various

marine sediments, showing that extracellular DNA damage

rates do not depend on a single factor (e.g., temperature) but

on a complex interaction of different factors. In addition, fish

physiology such as stress (Pilliod et al., 2014), breeding

readiness (Spear et al., 2015), feeding behaviour (Klymus

et al., 2015), and metabolic rate (Maruyama et al., 2014) may

also play a role in eDNA degradation.
eDNA methodology notes

The widespread implementation of eDNA methods in

species monitoring within fisheries assessments is currently

prevented by the lack of rigorous standards for both sample

collection and bioinformatics analysis.
Metabarcoding

This approach commonly uses universal primers that

amplify DNA from a group of target species (e.g., fishes,

crustaceans, echinoderms). The amplified fragments are then

sequenced using an HTS platform. These new technologies allow

to sequence DNA molecules present in the mixture and the

simultaneous sequencing of millions or billions of molecules.

Furthermore, several independent samples can be multiplexed in

a single run. The workflow of the DNAmetabarcoding approach

is generally based on a double indexing and two-step PCR

pipeline. In order to allow the clustering of several samples in

the same sequencing run, double indexing is used, where

sample-identification barcodes are incorporated in the

Illumina adapter sequences, both forward and reverse.

Barcodes should not be included in the region-specific primer

in the first PCR. These barcodes are short sequences, 3 to 14

nucleotides in length, that should be distinct from each other

and can have error-correcting properties to protect against the

sequence alterations introduced during synthesis, amplification

or sequencing (Krishnan et al., 2011). The first PCR is carried

out with primers targeting the region of interest, but these

primers already include the overhang adapters for the

barcodes and the sequencing adapters. In the second PCR, the

sequencing index adapters and barcodes are incorporated into

the amplicons. For example, when Illumina indexes are used, a

small multiplex identifier is added to the overhang to allow

additional pooling of samples for sequencing. The final library

should be quantified with qPCR or TapeStation or Bioanalyzer,
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otherwise the sequencing run will fail due to the inaccurate

quantitative data.

The analysis of millions of sequences produced by the eDNA

metabarcoding method requires efficient, automated and yet

flexible analysis pipelines to translate the raw sequences into a

statistically exploitable contingent matrix containing (Dufresne

et al., 2019). Sequence clustering can be reference-based if

sequences are assigned to a cluster because they are sufficiently

similar to a sequence in a specific reference database. Therefore,

taxa that are not included in the database will not be clustered,

with the consequent loss of biological variation. The most

commonly used clustering algorithms are based on the

generation of clusters of sequences that differ by less than a

fixed sequence dissimilarity threshold. The representative

sequences of these clusters are referred to as molecular

Operational Taxonomic Units (OTUs). However, the similarity

thresholds used to delimit OTUs are arbitrary and depend on the

variability of the genomic region and the targeted taxonomic

groups and, more importantly, they have been shown to strongly

affect molecular biodiversity inventories (Brown et al., 2015;

Tapolczai et al., 2019). Recently, new methods have been

developed to generate Amplicon Sequence Variants (ASVs),

also known as Exact Sequence Variants (ESVs), Zero-radius

OTUs (ZOTUs) or an OTU defined by 100% sequence

similarity. The imposition of arbitrary dissimilarity thresholds

is avoided by using a de novo process that control the errors

contained in the dataset sufficiently such that the ASVs

sequences only differ by as little as a single nucleotide (Eren

et al., 2013; Callahan et al., 2016).

Different algorithms and software have been developed to

perform single or multiple processing steps. New applications

have even been developed on website platforms that help users to

create and execute their own metabarcoding pipelines, such as

OBITools (Boyer et al., 2016), DADA2 (Callahan et al., 2016),

MiFish (Sato et al., 2018), Anacapa (Curd et al., 2019), Barque

(Mathon et al., 2021), metaBEAT (metaBarcoding and eDNA

Analys i s Tool ) v0 .8 (ht tps : / /g i thub .com/Hul lUni-

bioinformatics/metaBEAT), Charybdis (https://github.com/

cbirdlab/charybdis)). These pipelines can be modified

according to the user’s needs and in order to achieve more

accurate and reliable results (Antich et al., 2021; Kim

et al., 2021).

Once the HTS output data have been bioinformatically

analysed, they can be compared with a reference database,

although this can be a source of bias. When using public

databases (e.g., GenBank, Ensembl, BOLD systems) as a

reference database, the high number of sequencing errors

(Harris, 2003) and mislabeled species (Santos and Branco,

2012) must be considered. One solution, to overcome this

problem, is the construction of a private databases in which

sequences, species labeling, and geographic origin are carefully

verified, as in Meta-Fish-Lib reference library hosted at https://

github.com/genner-lab/meta-fish-lib, or MetaZooGene Barcode
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Atlas and Database (https://metazoogene.org/MZGdb), or use

methods to identify mislabel species (e.g., SATIVA, https://

github.com/amkozlov/sativa).
Quantitative PCR

This approach is commonly used to assess biomass and

abundance of marine communities, including fish (Salter et al.,

2019; Knudsen et al., 2019). Two types of chemistries are

commonly used to detect PCR products using real-time PCR

instruments: SYBR® Green and TaqMan®. Initially, intercalator

dyes were used to measure real-time PCR products, with the

main drawback that they detected the accumulation of both

specific and non-specific PCR products. Currently, SYBR®

Green method has two requirements for a DNA binding dye

for real-time PCR detection: increased fluorescence when bound

to double-stranded DNA, and no inhibition of PCR. On the

other hand, the TaqMan® method uses a fluorogenic probe that

allows the detection of a specific PCR product as it accumulates

during PCR.
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In addition, droplet digital PCR (ddPCR) is also recently being

used for eDNA. This to nucleic acid detection and quantification

method offers an alternative method to conventional real-time

qPCR for absolute quantification and detection of rare alleles.

Digital PCR works by partitioning DNA or cDNA sample into

many individuals and performing parallel PCR reactions; some of

these reactions contain the target molecule (positive) while others

do not (negative). A single molecule can be amplified a million

times or more. Nowadays, the most widely used method for

quantification of abundance or biomass in aquatic environments

is TaqMan chemistry (e.g., Sassoubre et al., 2016; Doi et al., 2017;

Atkinson et al., 2018; Levi et al., 2019).
Workflow

In general, both eDNA approaches involve a series of steps that

include eDNA capture, preservation, extraction, amplification, and

sequencing to ensure detection of target species (Figure 4).

Efficiency at each step is expected to affect DNA recovery and,

consequently, detection. Researchers often choose methods based
FIGURE 4

Schematic workflow designed for environmental DNA studies. In general, eDNA studies include the following steps: experimental design,
collection, preservation, extraction, and analyses that include High-Throughput Sequencing (HTS) and/or quantitative PCR (qPCR).
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on cost, ease of sampling, and availability of materials and

equipment. Since eDNA typically exhibits high levels of

degradation and is often of poor quality, DNA recovery could

vary depending on the quality of the protocol used, so methods that

maximise eDNA recovery in a cost-efficient manner are ideal

(Hinlo et al., 2017). Several research groups have developed a

great variety of protocols for eDNA detection from different

marine species and environments. Currently, there is a wide

variety of protocols for sampling and analysis of eDNA data,

which must be optimized according to the objective of each

study. This is a characteristic of emerging scientific fields, and we

believe it is essential now, at this juncture, to develop minimum

standards of quality assurance.

Samples
Aquatic samples: In general, two methods are used to capture

eDNA from aquatic environments, filtration and precipitation.

Filtration requires passing water samples through a filter to trap

DNA, and allows larger volumes of water (commonly 250 ml - 5

L; Supplementary Tables S1, S2) to be processed. Water samples

are filtered on-site or stored on ice for travel and then filtered in

the laboratory. Meanwhile, the precipitation method uses

ethanol to precipitate nucleic acids in water (Jerde et al., 2011;

Hinlo et al., 2017). Although both methods have shown variable

success rates in comparative studies, it is recognized that the

filtration method recovers more eDNA from water samples than

the precipitation method (e.g., Deiner et al., 2015; Eichmiller

et al., 2016; Hinlo et al., 2017), and immediate preservation is

generally recommended (Supplementary Tables S1, S2).

In addition to this, the filter material, such as pore size, filter

material, and DNA extraction method, could affect the quality and

quantity of eDNA, resulting in different final detection rates

(Deiner et al., 2015; Renshaw et al., 2015). eDNA studies on

marine environments use frequently pore sizes ranging from

0.2mm – 0.45 mm, while the filtration volume commonly ranges

from 250ml to 2 L (Supplementary Table S1, S2). Otherwise, eDNA

samples have been effectively collected with different filter material

such as cellulose nitrate, glass fiber, polycarbonate, nylon,

polyethersulfone and cellulose acetate (Supplementary Tables S1,

S2). Hinlo et al. (2017) conducted experiments to compare the

recovery of eDNA at different stages of the analysis to determine

which methods are most cost-effective, concluding that the most

recommended filtration process was the use of cellulose nitrate

filters. Finally, filters (and collected materials) can be preserved by

freezing (Jerde et al., 2011), immersion in ethanol (Goldberg et al.,

2011), drying, or immersion in cell lysis buffer (Renshaw et al.,

2015). It is recommended to filter seawater samples within 24 hours,

but if this cannot be done, short-term refrigeration (72 hours at

4°C) could be performed (Hinlo et al., 2017).
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Sediment or soil samples: Recent studies have shown that, in

general, extra membranous eDNA is found in higher

concentration in sediments than in the overlying water

column, as DNA from water columns can progressively

accumulate in sediments (Corinaldesi et al., 2008; Turner

et al., 2015). Marine sediments supposedly harbor one of the

richest species reservoirs on Earth, but logistics and the scarcity

of taxonomic specialist make it difficult to understand their

biodiversity, and more so in the case of deep-sea sediments

(Grassle and Maciolek, 1992; Snelgrove, 1999). The persistence

of eDNA is strictly dependent on the nature of the sediment

(Deere et al., 1996). In marine environments, DNA molecules

degrade faster than in freshwater environments. Because of this,

it can be used to give a “snapshot” of the species present in this

particular environment at the time of sampling, or a few days or

weeks earlier (Collins et al., 2018). eDNA preserved in sediment

or soil samples can be used to obtain an integrative picture of

present or past biodiversity (Herder et al., 2014). The high

concentration and long persistence of fish eDNA in sediments

can help to know the temporal and spatial scales from aquatic

eDNA (Bloesch, 1995; Douville et al., 2007). According to

Turner et al. (2015) fish eDNA in aquatic sediments may be a

promising source of historical genetic materials.

In several studies, samples are collected from the sediment

surface, which contains suspended material within the water

column, including whole cells and extracellular DNA (Levy-

Booth et al., 2007; Guardiola et al., 2015; Holman et al., 2019).

Marine sediments are known to have key ecological functions

and ecosystem services, and are sensitive to anthropogenic

disturbances. However, they have been poorly studied by

traditional means, and are not well understood because

taxonomic work to describe species found in marine sediments

is difficult and rarely undertaken (Guardiola et al., 2015). The

potentially extensive persistence of DNA bound to sediments is

very valuable, but can be difficult to identify when the target

species was present at the sampling site. In fact, detection of

eDNA also varies according to sediment texture, so the amount

to process is also variable. Typically, the volume of sediment

samples processed is between 10-50 g of sediment surface

(Guardiola et al., 2015; Holman et al., 2019).

To obtain accurate results from seawater and sediment

samples, strict and clean collection protocols must be followed.

Decontamination of collecting equipment is essential to

maintain sample independence and samples should be

preserved in sterile containers. In fact, single use supplies for

eDNA collection can significantly reduce the risk of

contamination (Goldberg et al., 2016). Bottles for eDNA

sample collection should be cleaned with 10% bleach and

washed with DNA-free distilled water.
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Equipment requirements
Environmental DNA samples present the same contamination

challenges as other low-quantity DNA samples, such as ancient,

forensic, and non-invasive genetic samples (Herder et al., 2014).

eDNA samples should be handled and stored in a dedicated room

that is physically separate from rooms where high quantity DNA

extraction and PCR products are handled (Taberlet et al., 1999).

Laboratories should be organized in order to avoid contamination

as much as possible. All eDNA extractions must be carried out in an

isolated room ideally equipped with positive air pressure, overnight

UV treatment, and air renewal. Pre-amplification and post-

amplification work should be performed in separate rooms,

distant from each other, ideally in different rooms. DNA

extraction and PCR mix preparation should be carried out in the

pre-amplification rooms, while PCRs will be performed and the

PCR results analysed in the post-amplification room. Control

samples without DNA should be extracted at the same time and

used as negative controls. Positive PCR controls and qPCR

standards should ideally be added in a third room assigned as an

intermediate DNA level room, between the pre-amplification and

the post-amplification room (Herder et al., 2014). For all laboratory

procedures, filter pipette tips and clean gloves should be used.

eDNA extraction
Several DNA extraction protocols have been optimized and

applied in eDNA studies. The choice of protocols may affect

species detectability and sample diversity, and different

approaches may be required, depending on the objective of the

study. Different aspects should be considered when selecting the

best strategy and protocol for DNA extraction: i) the proportion of

sample used for extraction; ii) the sampling or subsampling

strategy for DNA extraction; and iii) the detection of the

presence of inhibitors. The most frequently used protocols for

eDNA studies are: 1) Qiagen DNeasy Blood & Tissue Kit (Qiagen,

Germany); 2) MO BIO’s Qiagen PowerWater DNA Isolation Kit

(Qiagen, Germany), 3) CTAB (Cetyltrimethylammonium

bromide)-chloroform and phenol-chloroform, 4) Qiagen

DNeasy Powermax Soil (Qiagen, Germany), and 5) Qiagen

DNeasy Powersoil (Qiagen, Germany). Phase separation and

precipitation methods for DNA extraction (e.g., CTAB protocol)

typically yield more DNA than silica column methods (e.g.,

Qiagen kits). An initial step is recommended for sediment

samples, which consists of mixing the sediment sample with an

equivalent volume of phosphate buffer (0.12 M Na2HPO4; pH=8)

and then homogenizing the mixture in a shaker for 15 minutes

(Holman et al., 2019).

Final product of eDNA extraction is commonly quantified

using the NanoDrop (Thermo Scientific) or Qubit (ThermoFisher)

system in order to determine DNA concentration. With a Qubit

fluorometer, eDNA studies are enhanced by more accurate

measurements, as it detects fluorescent dyes that are specific to

the target of interest (e.g., DNA, RNA, or protein) in the sample,

even at low concentration.
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Marker selection: DNA mitochondrial vs
nuclear

Mitochondrial DNA (mtDNA) is often targeted because of

its high number of copies compared to nuclear DNA, its

efficiency in identifying organism to species level by DNA

barcoding and its accessibility through universal sequence

databases on public servers (e.g., GenBank and BOLD

systems). Amplified mitochondrial eDNA can come from

extracellular DNA fragments, mitochondria, cells, excretion, or

eggs, and the amount of quantified eDNA is likely to vary

depending on the target genetic material collected (Herder

et al., 2014; Goldberg et al., 2016). Although there is a clear

preference for the use of markers based on mtDNA in

metabarcoding studies, other types of eDNA were found to be

available for this purpose, as multi-copy nuclear eDNA (e.g.,

ribosomal RNA genes, microsatellites; Günther et al., 2018;

Andres et al., 2021; Jo et al., 2022) even though nuclear genes

evolve slowly and may diminish diversity (Hillis and Dixon,

1991; Castro et al., 1998). According to Jo et al. (2021) copies of

nu-eDNA may provide a more recent estimation of species

abundance if its production and degradation rates are higher

than those of mtDNA. In addition, using nu-eDNA may enable

the evaluation of genetic diversity in a population with a higher

resolution than mt-eDNA (Sigsgaard et al., 2020).

The goal of marker selection is to use a portion of the

mitochondrial genome of the target species that is species-

specific, with the appropriate fragment size, and amenable to

accurate primer binding (Bohmann et al., 2014; Rees et al.,

2014). Therefore, one of the most important considerations in

eDNA studies is the design of PCR primers. Different primers

and regions differ in coverage, resolution, and bias between taxa.

Short DNA fragments (around 150 bp) degrade slowly and are

easier to recover from environmental samples (Herder et al.,

2014), so primers for eDNA studies need to amplify a short

fragment. This fragment should be variable to amplify a variety

of species without sacrificing the specificity of the target group

(Epp et al., 2012).

For both metabarcoding and qPCR, species-specific and

general primers can be used, depending on the goal of the

study and the available budget. Species-specific primers may be

needed to ensure detection of specific species (endangered,

invasive, elusive, or rare taxa). In contrast, general primers

allow detection of a wide range of species, but may not detect

less abundant taxa (Thomsen et al., 2012a). The detection power

of general primers will depend on i) the affinity to the sequences

of target taxa, and ii) the availability of databases of DNA

reference collection necessary for species identification. In

addition, the choice of primers may bias the results by

preferentially amplifying some target sequences more than

others, as well as amplifying non-target groups (Cristescu,

2014). One potential solution to this issue is the use of

multiple primer sets, in particular evolutionarily independent

primer sets that match standardised barcodes for the target
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taxonomic groups (Drummond et al., 2015). In this sense, many

universal primers have been designed for a short fragment

containing sufficient sequence variation to correctly assign fish

communities (Supplementary Table S3).

Another important factor in PCR and primer design is the

use of appropriate “replicates” since they increase species

detection and decrease the likelihood of false negatives. The

number of replicates used often differs between studies

depending on detection probabilities, research objectives,

sequencing depth, primer choice, cost constraints, and

sequencing platform (Ficetola et al., 2015; Alberdi et al.,

2018). In PCR-based amplifications for HTS, primers can be

labeled with short nucleotide sequences to uniquely identify

their origin in a process commonly referred to as multiplexing.

These tags, while useful, also have the potential to bias results,

particularly when located at the 5’ end, and therefore, also

require rigorous testing prior to implementation (Binladen

et al., 2007; Berry et al., 2012). Because of this, the number of

cycles in the indexing PCR is typically kept low to minimize PCR

errors (Bohmann et al., 2022).

On the other hand, the qPCR approach is usually performed

for species detection and involves the use of species-specific

primer sets. Detection of a wide range of species by qPCR would

involve the use of a high number of primers sets and increased

costs (Lodge et al., 2012; Thomsen et al., 2012a; Lacoursière-

Roussel et al., 2016a). For qPCR, short primers that recognize

and flank the sequence of interest should be used. The resulting

amplicons for qPCR assays are usually short (typically 50-150

bp; Supplementary Table S4), even shorter than those used in

HTS platforms. DNA sequence databases for species-specific

assay design are also far from complete (Kwong et al., 2012);

but, qPCR assays require the development of additional

sequence databases.
Quality control
In any DNA metabarcoding and qPCR experiments, it is

crucial to include appropriate multiple controls in both sample

collection and laboratory procedures in order to monitor for

potential contamination and interpret the results correctly

(Goldberg et al., 2016). The number of negative controls

required at each stage should be determined according to the

number of samples and the confidence required in the inference

(Sepulveda et al., 2020). In this sense, different types of control

can be performed, such as those suggested below:
Fron
a) Negative collection control: it is recommended to

incorporate an “equipment blank” as a negative

control for each filtering and sampling step. In the

case of the water sampler, DNA-free distilled water, as

a negative control, should be treated identically to the

sampled water bottles. The DNA from this negative

control shall be analysed with the sample filters, which
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will allow the identification of any field/transport, filter

equipment, or background contamination.

b) Negative extraction controls: a negative control

corresponds to a mock DNA sample, a mixture of

nucleic acid molecules created in vitro to simulate the

composition of a nucleic acid isolated therefrom, which

are carried out at the same time and using the same

consumables as a normal extraction, except that the

sample is omitted.

c) Negative PCR controls: a PCR reaction in which the

addition of template DNA is replaced by the addition of

water (the same DNA-free water used to dilute the PCR

reagents).

d) Positive PCR controls: the ideal positive control should

be comparable to the samples analysed (similar

concentration and complexity). They can be used to

detect contaminants, and artifacts.

e) Tagging system controls: due to the considerable number

of samples involved in DNA metabarcoding studies, it is

generally necessary to implement a tagging system in

which each sample shows a unique combination of

forward and reverse tags.

f) Internal controls: an internal control is a template DNA

that is added to the PCR mix at a low concentration to

produce a small percentage of the final PCR product to

act as a internal positive control (IPC). Internal controls

are especially useful for estimating the relative amount

of target DNA in different samples. They are also

suitable for identifying PCR inhibition, even if the

amount of PCR inhibitors varies between samples. In

the case of eDNA samples, the use of a low amount of

IPC that matches the expected concentrations of eDNA

(e.g., 100 copies) may better reflect the degree of

inhibition affecting the samples, as these will result in

non-amplification with approximately the same level of

PCR inhibition.
Advantages and limitations

As stated above, the eDNA approaches offer distinct

advantages and limitations over traditional monitoring methods.
Advantages

In general, eDNA is a non-invasive method, so it does not

damage or alter the species or habitats under study (Thomsen

and Willerslev, 2015; Senapati et al., 2019) and is a sensitive

method that can detect the target species in its environment.

These advantages make this method particularly useful for
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detecting cryptic and sibling species that are often difficult to

identify (Senapati et al., 2019). eDNA-based methods are

probably, on a medium to large scale, more cost-effective than

traditional methods (Dejean et al., 2012; Herder et al., 2014).

However, it will depend on the target species or the community

assemblage being studied.

Several studies report shorter handling time and lower cost

using eDNA compared to traditional monitoring techniques

(Jerde et al., 2011; Biggs et al., 2015; Sigsgaard et al., 2015). In

fact, sampling can be performed by one or two persons, thus

reducing the cost of sampling. Environmental sample collection

is relatively simple compared to traditional monitoring methods,

which could simplify a standardised sampling scheme, which

can be used in different areas (Thomsen and Willerslev, 2015).

Standardisation is a requirement for all monitoring methods in

order to compare different sampling areas.

In addition, the high-throughput nature of recent

sequencing platforms allows multiplexing of hundreds of

samples, thereby providing the means to increase new species

records in a given environment (Piper et al., 2019).
Limitations

One of the main limitations of eDNA methods is the high

rate of DNA degradation that clearly limits the success of these

methods. In some cases, the resulting short fragments may not

have sufficient genetic information to allow discrimination

between species (Herder et al., 2014). Another important

limitation, mainly for metabarcoding technique, is that public

genetic databases are incomplete. Therefore, species-level

assignment of some fish groups is of low reliability. In the case

of qPCR, although the relationship between the density of a

species and the amount of eDNA it releases into its environment

has been proven in several experiments (e.g., Takahara et al.,

2012; Thomsen et al., 2012a), little is known about how external

factors (e.g., temperature, depth) influence the persistence and

dilution of eDNA, making difficult to have a realistic

quantification. Another factor to consider is contamination,

which is a serious pitfall of eDNA methods, since it raises the

possibility of false positive results. Contamination of samples can

occur from sample collection in the field to each step of analysis

in the laboratory. The use and sensitivity of HTS has further

complicated the contamination issue, as it produces a very high

yields of DNA sequences that are likely to reveal tiny amounts of

lab-source PCR products (Thomsen and Willerslev, 2015;

Ficetola et al., 2016).

Similar to contaminations, erroneous DNA sequences can

also lead to biased results. These errors can occur prior to

sampling in long-term conserved DNA, during PCR
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(mutations and formation of chimeric molecules), or during

sequencing process (Acinas et al., 2005; Hansen et al., 2006;

Thomsen and Willerslev, 2015). Because of this, raw sequence

data must be carefully filtered to limit false positives and

generate a reliable taxon list. There are multiple sources of

error for all detection technologies and it is possible to

distinguish between errors attributable specifically to the

DNA-based method employed (method errors), and errors

that arise during the monitoring process despite the

effectiveness of that method (process errors) (Darling and

Mahon, 2011). In addition, environmental samples may also

contain PCR inhibitors, which can be co-extracted with eDNA.

In marine environments, suspended particles (e.g., organic

matter and sediment) can clog filters and increase the

concentrations of PCR inhibitors (Tsai and Olson, 1992).

These external substances could interact with PCR by binding

to DNA or prohibiting DNA-polymerase binding, Opel et al.,

2010). High concentrations of non-target DNA in marine

environmental samples could strongly inhibit enzymes such as

Taq Polymerase used in PCR reactions (Matheson et al., 2010;

McKee et al., 2015), resulting in failed or delayed amplification

of DNA from target species. Both false positive and false negative

results can have consequences for the subsequent conservation

effort, leading to overestimation or underestimation of the

presence of a species, respectively (Goldberg et al., 2016).

Furthermore, since eDNA is often distributed in its

environment in patches, the sampling strategy can also

strongly influence the amount of DNA found in the samples.

Traditional monitoring methods provide valuable biological

data such as population structure, fecundity and fish

condition, this type of data, for now, cannot be provided by

eDNA (Herder et al., 2014; Evans and Lamberti, 2018).
Future challenges

At present, there is no consensus on eDNA preservation and

isolation protocols, nor on the choice of DNA barcodes and PCR

primers, not to mention the debate concerning the parameters for

clustering molecular operational taxonomic units and their

taxonomic assignment. Standardization of molecular protocols is

an urgent needed given the constant evolution and parallel

development of new biotechnological tools for DNA data

acquisition and analysis. Research efforts should focus on the

development of appropriately validated tests to address

environmental and sampling factors that may affect eDNA

detection, develop competency and proficiency testing for

laboratory accreditation, promote inter-laboratory comparisons,

and improve and enhance reference databases for DNA analysis.

In addition, and given the dynamic nature of marine ecosystems
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novel studies are required that focus on better understanding the

temporal and spatial distribution of eDNA in different marine

habitats, to know exactly the relationship between eDNA

concentration and species abundance, as well as to understand

how biotic and abiotic factors influence the persistence and

dispersal of eDNA in different environments. Furthermore, it is

important to note that it cannot be stressed enough that the

interpretation of eDNA results must go through well-trained

taxonomists and ecologists to meaningfully interpret the results

and recommend subsequent actions.

It should also be noted that the reference database of

bioindicator taxa is far from complete, despite the continuing

efforts of numerous national barcoding initiatives. Most existing

metabarcoding data are only available locally and are

geographically dispersed, which is hampering the development

of useful tools at the global level. Considerable effort is still

needed to ensure coverage of a range of stressor values at least as

wide as that of the development of the traditional methods. In

this respect, we believe that eDNA approaches will complement,

rather than replace, traditional monitoring. This bioassessment

tool can assist fisheries professionals achieve their research,

management, and conservation objectives, but not replace

time-tested assessment methods. If the costs of eDNA analysis

continues to fall, and experience becomes commonplace, eDNA

will become an increasingly viable option to complement

fisheries monitoring and conservation programs.

It is appealing to imagine the possibilities that eDNA could

open up in fisheries ecology and monitoring if advances in

molecular ecology, bioinformatics, and sequencing technologies

continue to accelerate. Several of the studies mentioned in this

work suggest that it will one day be possible to accurately quantify

the relative abundance of fish using eDNA analysis (qPCR). In

addition to these promising results from eDNA analysis of target

fish species, advances in eDNA metabarcoding are now making

possible the simultaneous detection of multiple species and the

estimation of total species richness from seawater samples. The

eDNAmethodology, which has already been successfully applied,

is likely to be further developed in the near future, leading to

increased detection probabilities and reliability (Ruppert

et al., 2019).

Third-generation sequencing is likely to provide us with new

opportunities to improve the performance of eDNA methods.

New generations of powerful technologies, such as single

molecular real-time sequencing (SMRT) (from Pacific

Bioscience), carbon nanotube chips, and real-time laser

transmission spectroscopy, are waiting to be fully tested for

their promising potential in eDNA approaches (Lee et al., 2022).

The new technology is also being applied in the eDNA collection
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process. Researchers at NOAA’s Atlantic Oceanographic and

Meteorological Laboratory have designed a new instrument that

will provide valuable data on biodiversity in marine

environments (Formel et al., 2021). These authors have

designed a low-cost automated subsurface sampler for eDNA

(SASe), which is submersible to 55 m and can filter a

programmable volume of seawater and store the eDNA at a

collection site.

In the future, if the technology to transmit live data is

combined with currently developed technology, the sequence

information of interest could be transmitted remotely, with

additional overlaid that could help identify how long the

eDNA has been in the environment and where it probably

originated. In the short term, there is the possibility of using

eDNA in population genetics, with, for example, applications for

conservation genetics and phylogeography.
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Kılınç, G. M., et al. (2018). Population genomics of Mesolithic Scandinavia:
Investigating early postglacial migration routes and high-latitude adaptation.
PloS Biol. 16 (1), e2003703. doi: 10.1371/journal.pbio.2003703

Handelsman, J., Rondon, M. R., Brady, S. F., Clardy, J., and Goodman, R. M.
(1998). Molecular biological access to the chemistry of unknown soil microbes: a
new frontier for natural products. Chem. Biol. 5 (10), R245–R249. doi: 10.1016/
s1074-5521(98)90108-9

Hansen, B. K., Bekkevold, D., Clausen, L. W., and Nielsen, E. E. (2018). The
sceptical optimist: challenges and perspectives for the application of environmental
DNA in marine fisheries. Fish. Fish. 19 (5), 751–768. doi: 10.1111/faf.12286

Hansen, A. J., Mitchell, D. L., Wiuf, C., Paniker, L., and Brand, T. B. (2006).
Crosslinks rather than strand breaks determine access to ancient DNA sequences
from frozen sediments. Genetics 173 (2), 1175–1179. doi: 10.1534/
genetics.106.057349

Harris, J. D. (2003). Can you bank on GenBank? Trends Ecol. Evol. 18, 317–319.
doi: 10.1016/S0169-5347(03)00150-2

Hebsgaard, M. B., Phillips, M. J., and Willerslev, E. (2005). Geologically ancient
DNA: fact or artefact? Trends Microbiol. 13 (5), 212–220. doi: 10.1016/
j.tim.2005.03.010

Herder, J., Valentini, A., Bellemain, E., Dejean, T., Van Delft, J. J. C. W.,
Thomsen, P. F., et al. (2014). Environmental DNA. a review of the possible
applications for the detection of (invasive) species (Stichting RAVON, Nijmegen:
Netherlands Food and Consumer Product Safety Authority). Report 2013-104.
doi: 10.13140/RG.2.1.4002.1208

Hillis, D. M., and Dixon, M. T. (1991). Ribosomal DNA: molecular evolution
and phylogenetic inference. Q Rev. Biol. 66, 411–453. doi: 10.1086/417338

Hinlo, R., Gleeson, D., Lintermans, M., and Furlan, E. (2017). Methods to
maximise recovery of environmental DNA from water samples. PloS One 12 (6),
e0179251. doi: 10.1371/journal.pone.0179251

Hofreiter, M., Serre, D., Poinar, H. N., Kuch, M., and Pääbo, S. (2001). Ancient
DNA. Nat. Rev. Genet. 2 (5), 353. doi: 10.1038/35072071

Holman, L. E., Bruyn, M., Creer, S., Carvalho, G., Robidart, J., and Rius, M.
(2019). Detection of introduced and resident marine species using environmental
DNA metabarcoding of sediment and water. Sci. Rep. 9, 911559. doi: 10.1038/
s41598-019-47899-7

Jarman, S. N., Berry, O., and Bunce, M. (2018). The value of environmental
DNA biobanking for long-term biomonitoring. Nat. Ecol. Evol. 2, 1192–1193.
doi: 10.1038/s41559-018-0614-3

Jerde, C. L., and Mahon, A. R. (2015). Improving confidence in environmental
DNA species detection. Mol. Ecol. Resour. 15, 461–463. doi: 10.1111/1755-
0998.12377

Jerde, C. L., Mahon, A. R., Chadderton, W. L., and Lodge, D. M. (2011). “Sight-
unseen” detection of rare aquatic species using environmental DNA. Conserv. Lett.
4 (2), 150–157. doi: 10.1111/j.1755-263X.2010.00158.x

Jo, T., Sakata, M. K., Murakami, H., Masuda, R., and Minamoto, T. (2021).
Universal performance of benzalkonium chloride for the preservation of
environmental DNA in seawater samples. Limnol. Oceanogr-Methods 19, 758–
768. doi: 10.1002/lom3.10459

Jo, T., Takao, K., and Minamoto, T. (2022). Linking the state of environmental
DNA to its application for biomonitoring and stock assessment: Targeting
mitochondrial/nuclear genes, and different DNA fragment lengths and particle
sizes. Environ. DNA 4, 271–283. doi: 10.1002/edn3.253

Keck, F., Vasselon, V., Tapolczai, K., Rimet, F., and Bouchez, A. (2017).
Freshwater biomonitoring in the information age. Front. Ecol. Environ. 15 (5),
266–274. doi: 10.1002/fee.1490

Kelly, R. P., Port, J. A., Yamahara, K. M., and Crowder, L. B. (2014). Using
environmental DNA to census marine fishes in a large mesocosm. PloS One 9 (1),
e86175. doi: 10.1371/journal.pone.0086175
Frontiers in Marine Science 19
Kim, A. R., Yoon, T. H., Lee, C. I., Kang, C. K., and Kim, H. W. (2021).
Metabarcoding analysis of ichthyoplankton in the East/Japan Sea using the novel
fish-specific universal primer set. Front. Mar. Sci. 8. doi: 10.3389/
fmars.2021.614394

Klymus, K. E., Richter, C. A., Chapman, D. C., and Paukert, C. (2015).
Quantification of eDNA shedding rates from invasive bighead carp
Hypophthalmichthys nobilis and silver carp Hypophthalmichthys molitrix. Biol.
Conserv. 183, 77–84. doi: 10.1016/j.biocon.2014.11.020

Knudsen, S. W., Ebert, R. B., Hesselsøe, M., Kuntke, F., Hassingboe, J.,
Bondgaard, P., et al. (2019). Species-specific detection and quantification of
environmental DNA from marine fishes in the Baltic sea. J. Exp. Mar. Biol. Ecol.
510, 31–45. doi: 10.1016/j.jembe.2018.09.004

Knudsen, E. E., and McDonald, D. (2019). Sustainable fisheries management
(Boca Ratón, United States: CRC Press), ISBN: .

Krishnan, A., Sweeney, M., Vasic, J., Galbraith, D., and Vasic, B. (2011).
Barcodes for DNA sequencing with guaranteed error-correction capability.
Electron. Lett. 47 (4), 236–237. doi: 10.1049/el.2010.3546

Kwong, S., Srivathsan, A., and Meier, R. (2012). An update on DNA barcoding:
low species coverage and numerous unidentified sequences. Cladistics 28, 639–644.
doi: 10.1111/j.1096-0031.2012.00408.x
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