Environmental DNA as a tool for single species detection.
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Abstract

Environmental DNA (eDNA) based biosensing has significant potential and offers many advantages
over current methodologies for marine species monitoring. It is now possible to isolate a given
species’ DNA from water samples and use this as a proxy for their detection. While there are many
challenges to be addressed in terms of relating DNA based data back to actual species biomass, the
sensitivity, specificity and potential to transition to on-site testing is driving innovation in this area.
We describe the current advances in environmental DNA based testing with a focus on the three steps
or challenges that are being considered for on-site monitoring: 1. DNA acquisition, 2. Molecular Assay
development, and 3. Detection mode. We describe the evolution of methods within each of these
areas, and highlight which techniques hold the most promise to realise a vision of eDNA based marine
biosensing. We conclude with an outline of recent innovations in eDNA based biosensor devices
including portable, remote and autonomous systems that, with further development, will facilitate
the collection of real-time data on any species of interest.

Introduction

Environmental DNA (eDNA) is emerging as a useful, non-invasive tool to support the monitoring of a
range of species of interest particularly in aquatic environments. eDNA based detection essentially
involves using a species’ own DNA as a proxy for their detection [1]. The source of DNA is generally
derived through the natural cell shedding and secretions of the organism during its lifecycle [2]. While
eDNA can be isolated from many environmental sample types including sediment and soil, this chapter
will focus on the detection of eDNA in marine water samples. Monitoring marine taxa through eDNA
approaches broadly involves the collection of a water sample, the concentration of the biomaterial
within the sample, and ultimately the extraction of the DNA from the species contained within it. The
isolated eDNA can then be used to detect either a single species or provide a snapshot of numerous
taxa that are present in that water sample (referred to as metabarcoding or metagenomics). As
outlined in a review by Diaz-Ferguson and Moyer (2014) [3], the concept of eDNA began in the 1980s
with the isolation of bacterial communities from marine sediments. This approach has since been
successfully applied to detect a range of organisms including plants and animals [1]. However, many
challenges still remain in this fast emerging field relating back the origin, state and fate of eDNA
detection including how best to capture, purify and assay target species [4].

Successful eDNA monitoring also requires familiarity with the ecology and life-history traits of
your target species. For example, taking eDNA samples in an estuary or shallow coastal area whilst
searching for a large pelagic species is unlikely to be fruitful. Similarly, ecological knowledge can
increase the likelihood of detection by knowing where and when to take samples. The concentration
of eDNA at any point in time is dependent on both the rate of production (shedding) of eDNA
(influenced by the level of activity of individuals, their metabolic rate, and behaviour such as spawning,
fighting etc.) as well as the density of the species within a system. Likewise, the amount of eDNA in an
environment can vary seasonally in response to environmental changes (i.e. temperature, hydrology
etc.) and the behavioural ecology (e.g., migration, increased activity etc.) of a given species [5-7]. For
example, a large increase in the amount of free DNA within an environment may be caused by a
gathering of individuals during their spawning or breeding season, whereby, a combination of the
release of gametes and an increased DNA shedding rate due to an escalation in activity, results in a
substantial increase in the detectability of the species [2, 7-11].



The reliability and resolution of environmental DNA (eDNA) monitoring is also contingent
upon the ability to detect the presence of a target species contemporaneously. This means taking in
to account the occurrence of a false negative where species that are present are not detected (i.e.,
low-organism density or activity), or a false positive where species not present are detected due to
eDNA being transported in from other areas or even through the faeces of predators [12].
Andruszkiewicz et al., (2019) [13] found that eDNA in marine systems can be transported in the order
of tens of kilometres in a few days. Knowledge of how long eDNA is likely to persist in a given system
is therefore of importance in understanding both of these scenarios as well as the overall
spatiotemporal scales of eDNA signals, but it is a particularly pertinent problem for estimating species
distribution in marine ecosystems due to the influence of tidal currents which may transport eDNA
[14, 15].

Despite such challenges, eDNA based detection offers significant advantages over other
monitoring methodologies. Numerous publications have used this approach for the detection of a
range of both freshwater and marine species, with 90% of studies demonstrating a positive
relationship between eDNA detection and species’ biomass abundance [16]. This bodes well for eDNA
based species detection with further research in this area likely to be valuable and result in its even
wider applicability. Traditional approaches for the detection of aquatic species can be harmful, time-
consuming and costly [17], and often involve intensive manual implementation using rods, nets or
traps [18, 19] or electricity [20]. Although such approaches can provide important information relating
to species abundance and demography, there are significant challenges in the collection of fine-scale
temporal data as well as an increased likelihood that low density, elusive or rare species are
overlooked. Biosensing using eDNA offers an alternative approach that has the potential to be
cheaper, non-invasive, sensitive, and capable of performing high frequency sampling. The long-term
goal of eDNA based biosensing is the development of both a manual device which can be implemented
for fast on-site detection or an in-situ autonomous sensing system which can detect eDNA and send
results directly to the practitioner. This Chapter outlines the basis of eDNA detection, current
advances in the development of eDNA based biosensors and some of the technical challenges that
must be addressed to develop eDNA biosensors (Figure 1).
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Figure 1: Overview of eDNA biosensor vision and an outline of the technical challenges to be
addressed to achieve this (as outlined in this chapter). The vision for eDNA based biosensing
incorporates the development of both portable/manual devices which can be implemented for fast
on-site detection in combination with manual/grab sampling, and in-situ autonomous sensing system.
An eDNA biosensor must achieve a series of complex functions, each with their own challenges which
can be broadly broken down into the categories of; 1. DNA acquisition, 2. Molecular assay
development, and 3. Detection mode. The panels above give a graphic overview of current methods
applied to eDNA monitoring within each of the latter categories which are discussed in detail below.
Created with BioRender.com.



For standard eDNA monitoring, discrete samples are generally collected manually, preserved in the
field and then returned to a laboratory where they are processed many hours, days, or months later
depending on resource availability. Some of the current limitations associated with this approach to
eDNA monitoring include; transport of water samples and preservation of DNA/RNA during this time;
filtration of samples on site and prevention of cross contamination; time spent in analysing samples
in a laboratory; and technical expertise needed for laboratory analysis of samples. This may be an
acceptable situation for many eDNA applications, however, this can be a significant constraint for
eDNA based marine monitoring in remote and offshore areas due to the associated costs and logistics
[21]. Consequently, the development of new technologies to overcome some of these challenges has
been moving rapidly over the past few years and research into the development of more automated
biosensing systems for eDNA monitoring in the field have been escalating. However, an integrated
system for eDNA monitoring must achieve a series of complex functions including; sample
concentration and lysis; DNA extraction and purification; followed by amplification and specific target
detection. Each of these steps present their own challenges when considering adaptation to a portable
or in-situ device. Regardless of which endpoint is required, there are three distinct steps or challenges
that need to be addressed for marine biosensor development (Figure 1) and include 1. DNA
acquisition, 2. Molecular assay development, and 3. Detection mode. We describe each of these in
turn.

1.0 eDNA Acquisition

The source of eDNA suspended in a given water column is either intra- or extracellular in nature and
the length of time for which it may be detected can vary significantly [2, 22, 23]. eDNA persistence in
a given system is a parameter of relevance in understanding the spatio-temporal scales of eDNA
signals, but it is a particularly pertinent problem for estimating species distribution in marine
ecosystems (and other lotic systems) due to the influence of tidal currents which may transport eDNA
[14, 15]. For example, eDNA degrades 1.6 times faster in the inshore environment than the offshore
environment [14]. Aqueous eDNA has been found to persist in aquatic systems from anything between
days to years [14, 24, 25] and is significantly influenced by abiotic factors including moderately high
temperature [23, 26-28], exposure to UV light [23], and low pH [23, 27, 29]. Consequently, its’
usefulness as a detection tool, relies on the ability to collect and concentrate the eDNA which can be
achieved through various methods. Given that eDNA for species detection is still an evolving field, a
range of methods and materials have been employed to acquire and purify the eDNA with varying
results. The range of methodologies involved for eDNA acquisition has recently been reviewed by Tsuji
et al., (2019) [30]. In the main, most protocols involve an initial filtration step of the collected water
sample, with the most popular approach (based on 438 published eDNA studies detecting aquatic
macro-organisms) to couple filtration with DNA extraction from the filter using a commercial kit such
as Qiagen’s Blood and Tissue kit or their PowerWater DNA extraction kit [30]. There is variation in the
types and pore size of filters that are used, with some studies showing superior performance of open
cellulose nitrate filters (0.8 um) [31] and Sterivex GP enclosed filters (polyethersulfone 0.22 um) [32].
Other studies have successfully used cellulose nitrate filters with a smaller pore size (0.45 um) [4] or
glass microfiber filters (0.7 — 1.2 um) [30]. Choice of pore size must take into account the turbidity
within the sampling site. High turbidity can reduce the volume of water filtered due to issues with
clogging and consequently may result in an increase of substances (e.g., humic, phytic, and tannic
acids) that can inhibit downstream applications such as polymerase chain reaction (PCR). Inhibitors



can have a significant effect on gPCR reactions, and the choice of filter, DNA extraction methodology,
and gPCR reagents all have a significant impact on detectability in the presence of inhibitors [33].
There are, however, methods to mitigate these impacts such as pre-filtering, using filters with a larger
pore size, and the utilisation of specialised lysis buffers such as Longmire’s buffer and
cetyltrimethylammonium bromide (CTAB) which can significantly reduce inhibition [34, 35].

The preservation of the filter can also be facilitated in either Longmire’s buffer or ethanol after
filtration and is a key step to ensure integrity of the eDNA for further analyses [30, 32]. Filters
preserved in ethanol have been stored at room temperature [31], but in the main, filters are stored
at -20°C with or without a preservative solution. Some studies have also frozen the water sample itself
at -20°C prior to filtration as a means of preservation of the eDNA, but this appears to lead to
suboptimal vyields [16, 31]. Alternative approaches for eDNA isolation have included
ethanol/isopropanol precipitation [4, 36, 37], but the limited ability to centrifuge large volumes
restricts this as a routine method for every sampling situation.

The most optimal protocols reported involve the timely filtration of the water sample within
24 hours to prevent eDNA degradation, which is often exasperated by higher water temperatures and
length of time since the deposition of the eDNA from the original organism(s) [30]. Capturing of the
eDNA on filters with inclusion of a preservative ensures longer stability. The volume of water sampled
tends to be in the 0.5 -2 L range [30]. As eluded to already, commercial DNA extractions are the most
popular, safest and potentially most efficient method to purify filter captured eDNA. However, liquid
phase separation using either the traditional DNA extraction protocol of phenol-chloroform isoamyl
alcohol (PCI) [38] or CTAB have been successfully employed [4, 39]. Nevertheless, such methods are
not likely to be a popular choice for the newly initiated given that they can be technically more
challenging and use harmful substances [30] unlike with commercial DNA extraction kits.

1.1 eDNA Acquisition Devices

Current protocols for the acquisition and purification of eDNA are primarily laboratory based methods.
The move to develop eDNA based biosensors (Figure 1) requires the eDNA acquisition step to be
further developed to allow it to be performed on-site and/or autonomously. A number of eDNA
extraction devices have been developed that allow on-site filtering and extraction, and are now
becoming commercially available. These include the Aqualytical C.LAM device
(https://aqualytical.com/) and the Smith-Root eDNA-Sampler. The C.L.A.M device (continuous low
level aquatic monitoring) is a submersible, time-integrated, filtration sampler (up to 36 h) initially

designed for trace organic analysis but repurposed for eDNA sampling of up to 100 litres of water,
using encapsulated lofted micron rated filters. It can capture spatial coverage by continuous large
volume filtration whilst submerged, floating, drifting or being towed in the sample itself. The Smith-
Root eDNA sampler consists of a backpack portable pump that integrates sensor feedback, a pole
extension with remote pump controller, custom-made filter housings in single-use packets for each
sampling site and on board sample storage [40]. The eDNA water sampler technology monitors flow
rate, pressure, and volume filtered that can help the user adapt to the environmental conditions to
receive optimal filtration results [40]. The ultimate goal of an eDNA based biosensor however, is to
have a single device that can incorporate all the steps required for species detection, including eDNA
acquisition. Such a biosensor is still at the development stage and current progress in ‘all-in-one’
systems are briefly described in Section 4.



Once the eDNA is successfully isolated and purified, it is ready for species detection by
applying bespoke molecular assays. The most widely applied methods include those that are PCR-
based with the more recent introduction of isothermal methods and these are described below.

2.0 Molecular Assay Development

The choice of molecular assays that can be applied to eDNA has expanded over recent years. The first
challenge with eDNA assay development is to choose an appropriate and highly specific DNA sequence
target (usually 80-400bp) that can discern target species DNA in a sample containing the DNA of many
other organisms. This requires finding a DNA sequence that is unique to a target but also highly
conserved within the species. Consequently, the main constraint for robust assay design is the
availability of reliably curated DNA sequence data with adequate geographic representation for a
target organism. Consequently, a good understanding of the target species life history and breeding
ecology is vital to design a robust assay that incorporates population differences. Mitochondrial DNA
(mtDNA) is circular and small (approx. 16kb) relative to the nuclear genome, and is shared across
Eukaryotic species [41]. For these reasons, it has tended to be the focus of early DNA sequencing
projects in a bid to generate sequence information across all species. Indeed, projects such as the
Barcode of Life Database (https://ibol.org/) rely on sequencing a single mitochondrial gene

(cytochrome c oxidase subunit | (COI)) as a means for DNA based species identification. Currently,
mtDNA is the target region of choice for eDNA studies, due to the availability of sequence data, its
perceived resistance to degradation and its multi-copy nature. The challenge is identifying a target
sequence that are conserved within species but contain interspecific differences, particularly with
sympatric taxa. Ultimately, the reliance on mtDNA sequences for eDNA single species detection will
diminish over time as the nuclear DNA sequence information expands through projects such as the
Earth Biogenome (https://www.earthbiogenome.org/), and further advances in molecular
technologies.

2.1 PCR-based Detection

PCR-based methods are the most commonly used for single species eDNA detection. These techniques
allow selective amplification of target DNA that is often low in abundance in environmental samples
[42]. Over time, there has been a transition from conventional PCR (cnPCR) [22, 43] to quantitative
PCR (qPCR) [44-49] and droplet digital PCR (ddPCR) [50, 51]. This is primarily due to the increased
need for highly sensitive and specific assays.

2.1.1 Conventional PCR (cnPCR)

Conventional PCR was the first method used for single species detection from eDNA [52] due to its
ability to increase the quantity of target DNA in a sample to a visible amount. The method refers to
PCR amplification using a thermal cycler with product visualisation via gel electrophoresis and utilises
specific primers to verify the presence or absence of a species [53, 54]. The exact genomic region
targeted varies throughout the literature but focus is on high-copy number regions such as the
mitochondrial COI gene [54, 55], 12S rRNA gene [55], mitochondrial cytochrome b gene [56] and
mitochondrial d-loop region [57]. Examples of the use of cnPCR in the marine environment include for
biosecurity assessments of invasive species such as Atlantic wedge clam Rangia cuneata [58] and the
Australian tubeworm Ficopomatus enigmaticus [59].



As with all PCR-based assays, cnPCR requires careful design of highly specific primers and
optimisation of conditions to maximise detection, to prevent cross reactivity and reduce the risk of
false positives and negatives. It is the least sensitive of the PCR-based methods and has been shown
to have a higher limit of detection (LOD) and lower detection rate for field samples than quantitative
PCR methods (2.1.2) [60, 61]. Overall, cnPCR has a definite place in eDNA studies, particularly if surveys
require low cost, qualitative assessment of highly abundant species. It however, does not offer
guantitative measurements and lacks the sensitivity for organisms of low abundance in the
environment. Visualisation via gel electrophoresis is also not suitable for a biosensor device and
alternative PCR based methods are favoured if moving towards this vision.

2.1.2 Quantitative PCR (qPCR)

The need for increased specificity, sensitivity and quantitative data from eDNA assays resulted in a
shift from cnPCR approaches towards quantitative methods, primarily quantitative PCR. Unlike cnPCR,
gPCR collects data during the exponential phase of amplification allowing an assessment of reaction
efficiency before depletion of reagents begins [62]. Data collection occurs due to the incorporation of
fluorescent-based molecules; primarily a sequence specific probe or SYBR® Green dye (discussed in
detailed in section 3.2 below). This enables quantification of starting DNA concentration, as, during
the exponential amplification phase, the amount of fluorescence is directly proportional to the
amount of product [62]. To calculate qPCR detection limits, a standard curve made up of a dilution
series of known DNA concentration is used. This commonly consists of synthetic DNA [63], plasmid
DNA [64, 65] or DNA extracted from tissue [48, 66]. Comparison of samples to a standard curve allows
DNA quantity to be calculated. However, the simplicity of the standards does not reflect the
complexity of an eDNA sample and thus direct comparison of lab-based LODs to eDNA sensitivity
should be avoided.

The quantitative element, on top of the increased speed, sensitivity and reproducibility [67],
has led to gPCR being the most widely used technique for single taxa detection from environmental
samples. It has been adapted for single species detection from a wide range of aquatic [44, 68-70]
and terrestrial organisms [71], with examples in the marine environment including detection of
Atlantic cod (Gadus morhua) [72], Maugean skate (Zearaja maugeana) [73] and the marine pest Styela
clava [74]. In addition to increasing specificity, the move to qPCR allows an increase in sensitivity and
thus raises the probability of detecting organisms of low abundance [75]. This improved sensitivity has
enhanced monitoring of invasive species and measuring the decline in species following eradication
events [42]. Furthermore, the mechanism of gqPCR allows reactions to be multiplexed enabling
detection of multiple species from the same sample, simultaneously [76, 77]. However, it should be
noted that qPCR is only quantitative in the sense of quantifying the amount of PCR product that is
produced and in line with all other molecular assays (including ddPCR; Section 2.1.3), it does not
necessarily relate back to species biomass.

Overall, gPCR is a well-established technique throughout Molecular Biology and robust
guidelines, known as the MIQE guidelines [78] have been developed to ensure the integrity of the
scientific literature and consistency between laboratories. These guidelines call for full disclosure of
experimental conditions and assay characteristics to allow the validity of protocols to be assessed.
Whilst primarily designed for use in clinical diagnostics, the MIQE guidelines are often referenced in
eDNA studies [79, 80] and offer guidance when designing new eDNA gPCR assays. Further, more
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specific guidelines have been published by Bruce et al., (2021) [81] which cover development of the
full eDNA workflow with specific recommendations for qPCR based assays.

2.1.3 Droplet digital PCR (ddPCR)

Droplet digital PCR is the most recent PCR-based technique to be applied to eDNA studies and is
currently the most quantitative molecular method available [82]. In the marine environment, ddPCR
has been used for detection of, for example, Cryptocaryon irritans parasite [83], killer whales (Orcinus
orca) [50] and corallivorous seastar (Acanthaster cf. solaris) [51]. Compared to qPCR, it offers superior
quantification of DNA samples by splitting molecules into individual droplets and reactions. This
means that rather than requiring a standard curve, as in gPCR, ddPCR offers absolute quantification
directly from the sample [82]. This absolute quantification, not only reduces time associated with
setting up a standard curve, it also reduces the variances associated with the assay [84] and negates
the differing effect of sample matrix between standards (often prepared using synthetic DNA) and
eDNA samples. Several studies have compared single species detection using both gPCR and ddPCR
and show that ddPCR has greater sensitivity [85] with reduced variability at low concentrations [60].
The nature of partitioning the sample into droplets also reduces the effect of PCR inhibitors on the
reaction [86]. This could be favourable when working with eDNA samples with high levels of inhibition
such as those with a high organic matter content [87]. Despite its promise, ddPCR still has limited use
in the eDNA community. Assays are easily adapted from a gPCR platform as the molecular mechanism
and assay design are the same, however use is likely stunted by the expense, reportedly two times
higher than gPCR [88] and limited availability of equipment.

In general, PCR assays offer more rapid detection and are more sensitive when compared with
traditional methods [56]. However, the three different types of PCR assays that are described each
have their own merits and disadvantages. The method chosen should therefore suit the purpose and
scale of study being performed [85]. cnPCR is perfectly viable for simple eDNA detection of highly
abundant organisms, but in the case of a rare target species, gPCR and ddPCR are more appropriate
due to their increased sensitivity and specificity. Although suitable for laboratory-based experiments,
these techniques pose multiple challenges regarding adaptation to a biosensor device, primarily due
to the high temperatures and requirement of thermal cycling. The increased need for simplified, rapid,
on-site DNA testing, and the limitations of PCR-based methodology, is driving the development of new
DNA amplification technologies.

2.2 Isothermal Detection

Isothermal methods of nucleic acid amplification have been developed to overcome the reliance on
thermal cyclic technology. Temperatures are kept constant and different molecular mechanisms are
used to maintain the DNA amplification efficiency [89]. Several methods have been developed
including Recombinase Polymerase Amplification (RPA) [90], transcription mediated amplification
(TMA) [91], strand displacement amplification (SDA) [92], rolling circle amplification (RCA) [93] and
Loop-Mediated Isothermal Amplification (LAMP) [94]. Here, we focus on LAMP and RPA, which have
been the most used methodologies for environmental monitoring to date.

2.2.1 Loop Mediated Isothermal Amplification



LAMP was first described by Notomi et al., (2000) [94]. It typically uses a Bacillus stearothermophilus
(Bst) DNA polymerase, which displays strand displacement activity whilst elongating the target
sequence, and user-designed primers that recognise six distinct sequences allowing high levels of
target specificity. The use of a Bst DNA polymerase allows the whole process to occur at a single
temperature between 60 °C and 65 °C. In addition to being highly specific, LAMP has the benefit of
being readily adaptable to visualisation with the naked eye. For example, incorporation of magnesium
pyrophosphate causes increased turbidity as a by-product of DNA amplification [95]. Furthermore,
dyes such as SYBR® Green can be added to the amplified product, producing a visible colour change
[96]. The simple visualisation, and LAMP’s potential to resist inhibitors in complex samples such as
blood [97], makes this method a viable tool for disease detection in low resource settings [96, 98, 99].

However, despite the promise of this technique, use of LAMP for environmental monitoring
is limited, with applications of specific taxa detection currently reported in freshwater environments
only. Examples of use include monitoring of Dreissena sp. in the Great Lakes [100], detection of the
freshwater snail Galba truncatula in Welsh pastureland [101] and surveillance of Trispot Darter
(Etheostoma trisella) in freshwater sites across Georgia and Alabama [102]. The limited use is likely
due to complexity of assay design and lower sensitivity compared to qPCR [103]. Nevertheless,
although these limitations impact the usability of LAMP for eDNA detection, the advantages of LAMP
presented in both biomedical and microbiological fields question why LAMP has not been more readily
adapted to macro-invertebrate eDNA detection. For example, the increased specificity could greatly
improve the ability to distinguish closely related species, which are indistinguishable using PCR-based
methods and therefore, are not documented in the literature.

2.2.2 Recombinase Polymerase Amplification

RPA is another isothermal method of nucleic acid amplification. This was developed by Piepenburg et
al., (2006) [90] and has been commercialised by TwistDx. Unlike LAMP, RPA relies on only two
sequence specific primers, which form complexes with a recombinase protein uvsX from T4-like
bacteriophages, in the presence of ATP and a crowding agent [104]. This complex seeks and promotes
strand invasion at a site complementary to the primer. The recombinase disassembles and a strand
displacing DNA polymerase elongates the primer in the presence of dNTPs [104] achieving exponential
amplification. Due to the displacement activity of the recombinase and polymerase enzymes, thermal
cycling is not required to denature the double stranded target DNA, allowing the whole process to
occur between 37-42 °C [90]. The simplicity of RPA makes it the ideal amplification method for on-site
eDNA detection as it is simple to design, two sequence specific primers only, occurs at relatively low
temperatures and achieves exponential amplification within 20 min [104].

As with LAMP, RPA has been adapted by the microbial community for the detection of
parasites [105, 106] and harmful algae [107] in the environment. These studies have not only shown
successful RPA detection from water samples [105, 107] but also from soil [105] and directly from
pinewood [106]. Although RPA can be used in isolation, with visualisation on an agarose gel as with
cnPCR or through incorporation of SYBR® Green for real time detection [90]; it is often combined with
a secondary system to aid visualisation. This has included lateral flow systems [105], a portable optical
isothermal device [106] and colourimetric sandwich hybridisation assays [107]. Each of these systems
presents a pathway to on-site monitoring of specific species through incorporation of biotin-labelled
primers, SYBR® Green dye and capture/reporter probes, respectively (discussed in detail below).
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A potential concern with using RPA in isolation is the lack of specificity [108]. Removal of
annealing temperature control, may lead to non-specific annealing of primers, particularly if
insufficient mismatches are present. This could be highly problematic for eDNA detection, with cross
amplification possible due to the complexity of eDNA samples and the common presence of sympatric
taxa. Recommended optimisation of primer pairs requires carrying out a primer screen whereby
multiple primer pairs are tested to select the optimal set [109]. This can be time consuming and may
not eliminate cross amplification. It is therefore no wonder that in the medical space, RPA is being
coupled with highly specific detection methods such as CRISPR-Cas [110—-112] for pathogen detection.

2.2.3 CRISPR-Cas Detection

Clustered Regularly InterSpaced Palindromic Repeats (CRISPR) is primarily associated with genome
editing [113] but latest developments have shown its utility as a highly specific nucleic acid detection
system for both DNA [110] and RNA [111], often termed CRISPR-dx. This method relies on four main
elements: presence of a protospacer adjacent motif (PAM), a sequence specific guide RNA (gRNA), a
Casl2a or Cas13 nuclease and a reporter molecule. Briefly, the gRNA and Cas nuclease form a complex
that recognises a target sequence upstream/downstream of a PAM site, depending on the specific Cas
used. Upon sequence recognition, the target sequence is cleaved and subsequent indiscriminate
cleavage of the reporter molecule occurs, allowing detection [110].

Both LAMP and RPA have been coupled with CRISPR-Cas technology to increase detection
specificity [110, 111, 114]. In doing so, these systems utilise the isothermal nature of such
amplification techniques whilst removing the limitation of specificity through coupling with the highly
specific CRISPR system. Despite the shown potential of this system [115], application to single species
detection from environmental samples is scarce. To date, an RPA-CRISPR-Cas system has only been
used for identification of Delta Smelt (Hypomesus transpacificus), Longfin Smelt (Spirinchus
thaleichthys) and Wakasagi (Hypomesus nipponensis) directly from mucus swabs [116] and
mitochondrial DNA detection of Atlantic salmon (Salmo salar) from freshwater [117, 118]. More work
is required to assess the potential of CRISPR-Cas to distinguish problematic sympatric taxa, resist
environmental inhibitors or be adapted to an in-field sensor.

2.3 Molecular Assay Requirements

Regardless of the selected methodology, eDNA studies require robust assay design to reduce the risk
of false positive detection. As mentioned already, the identification of a DNA sequence region that is
unique to the target species is vital. The sequence specificity must be checked against closely related
and co-habiting taxa throughout the design process [44]. This may be limited by insufficient reference
sequences and polymorphism data, or inaccessibility to tissue of relevant species; however, it is of
upmost importance if this approach is to be a valid one.

Ideally, assays should be designed to contain a high number of base pair differences in all
sequence dependent elements such as primers and, if applicable, probes. Mismatches in primer
binding regions reduce the affinity of the primers for non-target DNA and consequently reduce
amplification of non-target DNA. On the other hand, mismatches in the probe-binding region reduce
affinity of the probe for non-targets, ergo reducing or eliminating fluorescence from non-target
species. Wilcox et al., (2013) [44] found that assay specificity was most influenced by nucleotide
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mismatches in the primers rather than the probe, resulting in reduced or no amplification of non-
target sequences. The location of mismatches within primers is also important, with previous
literature showing that mismatches near the 3’ end of the primer have a much larger impact on
specificity than mismatches at the 5’ end [119]. Such considerations, of sequence specific mismatches,
must also be applied to isothermal methods of amplification, despite variations in the exact assay
design. In relation to CRISPR-Cas assays, ensuring that non-target closely related species lack the
required PAM sequence is essential even if the gRNA contains mismatches (Williams et al,
Unpublished).

In summary, PCR-based methods still dominate the field, with gPCR the most commonly used.
This is likely due to it providing higher sensitivity and specificity than cnPCR, being more cost effective
and requiring more readily available instrumentation than ddPCR. The developing field of molecular
detection for pathogens in low-economic countries is driving research into alternative methods of
detection, moving away from PCR and towards point of care tests using isothermal methodology.
These methods could benefit the eDNA community by simplifying adaptation to an in-field detection
system or simply providing an alternative detection method if PCR fails. Depending on the
requirements of the study, careful consideration needs to be made regarding the molecular assay of
choice for marine biosensing.

Transitioning these molecular assays from the laboratory to on-site or autonomous eDNA
based biosensing requires consideration of their detection modes. We describe a selection of
detection methods that have potential to make this transition that are currently being developed.

3.0 Detection Modes

The ability to detect minute concentrations of DNA directly from the aquatic environment is
transforming ecological monitoring and environmental management [120]. However, the reliability of
eDNA as a tool for monitoring is contingent upon the ability to detect the presence of a target species.
Environmental DNA is generally present in the environment in very low concentrations. These
concentrations may be even lower for rare, sedentary, or elusive species. Consequently, an
appropriate and extremely sensitive method of detection is vital. The two most common methods to
improve the sensitivity of a detection methodology are target- and signal-based approaches [121,
122]. Target-based approaches produce copies of a specific target continuously, in a cyclic process
(e.g., PCR) as well as isothermal alternatives to PCR, such as LAMP, RPA, and CRISPR-Cas RPA (as
discussed above). Signal-based amplification approaches, such as enzyme-assisted target recycling,
have also been developed to attain sensitive detection by enhancing the readable signal. These
approaches are subsequently coupled with a specific chemical mechanism for detection, which
indicate whether a target has been detected (e.g., fluorescence or colourimetry). Below we discuss
some of these detection mechanisms relevant to eDNA biosensing, specifically: fluorescence,
colourimetry and lateral flow and how they tally with their associated molecular assays in terms of
the temperature requirements and incubation times (Table 1).
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Table 1: Molecular assays and their detection modes

Assay Specificity Temperature Time (min) No. of steps Detection Mode
cnPCR Medium Cycles 60-180* 2 Gel visualisation
gPCR High Cycles 50-120%* 1 Fluor.

ddPCR High Cycles 180-300 1 Fluor.

LAMP Medium 65°C 30-60 1 Colourimetric
RPA-Probe Low-Medium 37°C 20 1 Fluor./LF
RPA-CRISPR-Cas High 37°C 50 2 Fluor./LF

*Based on a typical 40-cycle reaction. Time will also vary depending on the ramping rate of the thermal cycler. Fluor. =
fluorescence; LF = Lateral Flow

3.1 Colourimetry

Colourimetric eDNA assays utilise reagents that undergo a measurable colour change in the presence
of the target DNA. Detection of a positive sample can be either by visual observation or through the
use of optical sensors which offer more sensitivity. Optical sensors for colourimetric detection can
range from easily accessible low-cost devices (i.e., scanners or camera phones), to more specialized
instruments, such as spectrophotometers which also allow real-time DNA quantification via
colourimetric change [123, 124]. Target based methods such as LAMP have utilised colourimetric
eDNA detection and demonstrated a limit of detection comparable to that of gPCR-based detection
(TagMan chemistry) [125]. Similarly, Toldra et al., (2019) [107] used a colourimetric approach for the
detection of two species of Ostreopsis dinoflagellates which are associated with toxic algal blooms.
RPA amplification was combined with a colourimetric sandwich hybridisation assay (i.e. enzyme-
linked oligonucleotide assay, ELONA) again to produce results comparable to qPCR in both sensitivity
(LOD) and in the quantification of O. cf. ovata and O. cf. siamensis in environmental samples [107].
Elumalai et al., (2021) [126] recently reported a novel strategy for the detection of the invasive zebra
mussel (Dreissena polymorpha) which is based on nicking endonuclease (NEase) signal amplification
combined with gold nanoparticles (AuNPS) for colourimetric readout. NEase signal amplification can
enhance the specificity and sensitivity of conventional colourimetric sandwich assays due to its high
efficiency in single-strand cleavage [127]. The isothermal properties of the eDNA detection
approaches employed by the former studies [107, 125], make these assays highly adaptable to
biosensing devices. However, the latter application by Elumalai et al., (2021) [126], which exhibits
significant sensitivity, could present more of a challenge for adaptation to biosensing due the range
of temperatures employed (58°C, 37°C, 80°C).

3.2 Lateral Flow

Lateral flow biosensors (LFBs) are paper-based devices that permit low-cost and fast diagnostics. This
application is commonly associated with home pregnancy tests [128] and more recently COVID-19
antigen testing [129]. The method is based on the separation of molecules flowing through test strip
membranes followed by the detection of target molecules in a test zone using coloured labels [130].
The detection label in the test zone most often utilises nanoparticles such as colloidal gold, coloured
latex, fluorescent particles (e.g., quantum dots), and carbon particles [131]. In LFBs, the specific
recognition of a target is owing to receptors (most often antibodies — termed lateral flow
immunoassays) being immobilized on the nanoparticle surface concentrated in the binding (test and
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control) zones and the subsequent formation of specific complexes, resulting in colourisation in these
zones [130] (Figure 2). Two approaches are generally used for the detection of nucleic acid targets
with LFBs: direct detection of DNA sequences and nucleic acid lateral flow immunoassays (NALFIAs).
Direct detection involves exploiting capture of labelled reporter oligonucleotide probes [132, 133],
whereas in NAFLIAs labelled oligonucleotides are captured via antibodies or streptavidin. For example,
the sample is loaded at one end of the strip and migrates, via capillary action, through the conjugate
release pad, which contains antibodies that are specific to the target analyte and are conjugated to
coloured or fluorescent nanoparticles. The sample, together with the conjugated antibody bound to
the target analyte, migrates along the strip into the detection zone, which will react and cause a colour
change [134] (Figure 2).

Target based isothermal amplification methods such as RPA and LAMP are also commonly
used with LFBs [130, 135]. There are a number of advantages to using LFBs for eDNA detection:
components of LFB strips can be modified and optimized for signal increase in the test zone; LFB strips
are commercially available for detecting biotin-/FAM-labelled amplicons, including those by Millenia
(Germany), BioUSTAR (China), Agdia (USA), and TwistDX (USA); and portable devices to register
colourisation in the test zone of LFBs are commercially available e.g., (Abingdon Health, PCRD™).
Doyle and Uthicke (2021) [136] used the PCRD™ as a detection method for eDNA monitoring of a sea
star (Acanthaster cf. solaris) and found their combined PCR and lateral flow assay to be as sensitive as
ddPCR and able to detect < 10 copies of target DNA, per PCR. However, without the use of a detection
device to enhance the ability to detect colour change in a LFB, sensitivity can be a limitation when
applying this method of detection.
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Figure 2: Mechanism of a Lateral Flow Immunoassay platform. An antibody pair is required for this
sandwich immunoassay; one antibody to one epitope of the analyte is labelled with a reporter, a
secondary capture antibody to a different epitope of the same analyte is immobilised to the platform
(test line). The control line consists of an antibody to the reporter and ensures the test is valid.
Adapted from Lee et al., (2013) [137], created with BioRender.com.

3.2 Fluorescence

Fluorescence based bioanalysis and imaging techniques, using uniquely tailored probes, have
attracted increasing attention in the detection of environmental DNA molecules in-situ. This approach
to detection has been widely adopted in the fields of life science, biomedicine and pre(clinical)
diagnostics owing to its high resolution, excellent selectivity and sensitivity, simplicity, and capability
of real-time monitoring [138]. As outlined in Table 1 and Section 2, fluorescence detection is an option
for a number of molecular assays including qPCR, ddPCR, RPA-probe and RPA-CRISPR-Cas.
Fluorescence arises from a probe, a reporter or an intercalating dye, and is bespoke for each assay.
One group of probes frequently used in gPCR and ddPCR are hydrolysis (eg. TagMan®) probes. These
probes consist of a short DNA fragment, complementary to the target, labelled with a reporter dye on
one end (i.e., FAM, TAMRA, Hex etc.) and a quencher molecule on the other. The quencher absorbs
reporter fluorescence when the probe is intact via fluorescent resonance energy transfer (FRET).
During each PCR cycle, the 5’-3" nuclease activity of the DNA polymerase cleaves the probe during
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target elongation [139]. This cleavage separates the quencher and results in an amplification-
dependent increase in fluorescence. TagMan® MGB probes are an advanced type of hydrolysis probe
commonly used in eDNA assays [46, 48, 140]. They have the advantage of having a 3’ modification
allowing the formation of extremely stable duplexes with the target strand and allowing construction
of short probes highly sensitive to nucleotide differences [141].

Fluorescence detection can also arise from the use of non-sequence specific intercalating
dyes, such as SYBR® Green. This dye exhibits little fluorescence when free in solution, but once bound
to the minor groove of double-stranded DNA (dsDNA), its fluorescence increases up to 1,000-fold
[142]. As more dsDNA is produced during DNA amplification, more dye binds to the DNA and the
fluorescence increases. Although SYBR® Green lacks the specificity of hydrolysis probes; it provides a
cheaper method of detection and has been shown to allow reliable detection of single species from
eDNA [54]. Additionally, it may reduce the susceptibility of qPCR to inhibitors often present in the
environment [143]. The major drawback, however, of DNA-binding dyes is their lack of specificity, as
they will bind to all dsDNA. As a result, the presence of nonspecific products in a real-time PCR
reaction, such as PCR primer-dimers, contributes to the overall fluorescence and reduces the accuracy
of quantification [144]. For the latter reasons, eDNA detection using probe-based gPCR assays is
preferable to dye-based approaches for species-specific eDNA analysis.

CRISPR-Cas coupled with RPA utilises a fluorescently labelled reporter molecule (such as
FAM). The collateral cleavage activity of a Cas12a nuclease results in release of the fluorescent label
from the quencher (ssDNA-FQ) molecule only upon recognition of the target DNA sequence [117]. A
more recent advance on this mode of detection is to use CRISPR-Casl2a based nucleic acid
amplification-free fluorescent detection using metal-enhanced fluorescence (MEF) by DNA-
functionalized gold nanoparticles (AuNP). Upon activating the CRISPR-Cas12a complex by the target
DNA and subsequent single-strand DNA (ssDNA) degradation between AuNP and fluorophore, MEF
occurred with colour changes from purple to red-purple [145].

4.0 Biosensor Devices

Although there is considerable momentum in the field of eDNA biosensing over recent years, there
are a very limited number of devices with the capabilities to carry out all of the functions necessary to
conduct autonomous eDNA monitoring in-situ. However, several large-scale projects are in progress
that are developing in-situ autonomous biosensors (e.g., TechOceanS and iATlantic). Below, is a
summary of published and /or commercially available devices that have been applied to eDNA
monitoring. These are divided into portable (i.e., manual) devices and autonomous systems.

4.1 Portable devices

To create a complete field eDNA sampling and detection process, Thomas et al.,, (2019) [146]
combined the Smith-Root eDNA Sampler filtration system with a rapid (30-60 minutes) field DNA
extraction and gPCR analysis platform (Biomeme™) and encountered similar sensitivity to benchtop
gPCR applications. Using the same Biomeme™ qPCR platform, Ponce et al., (2021) [147] found a 10%
increase in positive eDNA detection relative to visual surveys, however this is contrary to other studies
that have found this portable device to have lower detection probabilities than laboratory-based
methods [148]. The Biomeme™ system combines a quick sample preparation column to extract DNA,
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‘Go-Strips” which contain lyophilised qPCR reagents, and a handheld real-time thermal cycler
connected to a phone, for on-site monitoring [149]. Although it offers potential for eDNA monitoring,
the Biomeme™ system is expensive and susceptible to greater influence from inhibitors than
laboratory-based approaches, with inhibition rates as high as 28% for field samples [148]. Doi et al.,
(2021) [150] also utilised a commercially available mobile qPCR platform (PicoGene PCR1100 Nippon
Sheet Glass, Sagamihara, Japan) for eDNA detection on site. In this study, a water sample was syringe
filtered using a Sterivex cartridge filter (Merck Millipore) and DNA extraction was performed using a
Kaneka Simple DNA Extraction Kit v.2 (Kaneka, Tokyo, Japan). Via the real-time fluorescence detection,
PicoGene (binds similarly to SYBR® Green) successfully identified target DNA from the invasive silver
carp (Hypophthalmichthys molitrix) in 30 minutes using a custom Tagman® gPCR assay [150].

Another commercially available biosensing device is the Pebble (biopix-t). Pebble was
developed for performing real-time colourimetric LAMP in a single reaction-pot (Eppendorf-tube) for
simultaneous amplification and quantitative detection. The device uses a plastic tube anchored
vertically on a hot surface while the sidewalls are exposed to a mini camera able to take snapshots of
the colour change in real time during LAMP amplification [124]. Detection can occur from purified
nucleic acids or directly from crude samples (swabs, saliva, filters and biopsy tissue) and has so far
been applied to point of care applications such as the detection of SARS-CoV-2 and cancer mutations
[124], as well as the detection of invasive lionfish (Pterois miles) from marine environmental samples
(M. Vivaldi pers comm).

Heery et al., (2016) [151] developed a field portable detection system (ColiSense) using a B-d-
Glucuronidase (GUS) enzyme assay. The ColiSense system is an optical biosensor, which utilises the
enzymatic activity of Escherichia coli to monitor levels in bathing waters and has successfully detected
E. coliin freshwater and seawater, providing results in 75 min from sample collection [152]. ColiSense
was further adapted to enable eDNA detection (known as the SensEDNA) using an RPA-CRISPR-Cas
approach and has been demonstrated as a proof-of-concept (Williams et al., Unpublished). Whilst
promising, this method currently requires lab-based extraction and purification of eDNA samples,
prior to molecular detection and is not yet suitable for in-situ eDNA applications.

4.2 Remote and autonomous systems

A fundamental limitation to the application of eDNA monitoring techniques in a marine setting is the
acquisition of the physical sample for analysis. Manual sample collection can be expensive and
logistically very challenging especially when ship time is required. Similarly, the handling and transport
of samples introduces the potential for contamination and degradation of the integrity of samples, as
well as significant time delays in attaining results. Such limitations also prevent the acquisition of time
series data, which is critical in the detection of temporal and spatial changes in species occurrence
and abundance. This is of particular relevance for rare and migratory species [25]. As discussed above,
applying real-time molecular analytical techniques simultaneously with sample collection can enhance
the effectiveness and efficiency of the monitoring process. This has prompted an impetus for in-situ
sample processing and real-time molecular detection to be implemented using deployable
autonomous systems that can be operated in diverse ocean environments. Such devices have been
termed “ecogenomic sensors” [153—155].
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The initial challenge with creating an autonomous system is developing an effective method
to collect and concentrate water samples. To this end, two such robotic samplers have been
developed to date: the Environmental Sample Processor (ESP) developed by the Monterey Bay
Aquarium Research Institute (MBARI) [156] and the Robotic Cartridge Sampling Instrument (RoCSl)
developed by the National Oceanography Centre (NOC; UK) [157]. RoCSI is an autonomous high-
frequency sampling device for filtering predetermined volumes of water and preserving the filters in-
situ. Tang et al., (2020) [157] used RoCSI to collect over 200 samples (varying from ~1.5 L to over 4 L
depending on particle concentration) at high frequency (every hour) on a 0.2 um Sterivex filter
(Millipore, MA, USA). The combination of high-resolution N»-fixation observations and molecular
sampling allowed Tang et al, (2020) [157] to successfully capture and characterize episodic
diazotrophic blooms and evaluate their environmental controls. High frequency sampling such as this,
which is enabled by autonomous systems, such as RoCSI and ESP, facilitate the collection of
significantly more data with which to make robust inferences about the presence/absence of a target
species. Various iterations of the ESP have been developed over the past 25 years and the ESP (2G)
has been utilised to automate water sample filtration and preservation of the captured material, or
homogenize it for immediate analyses in-situ. Sepulveda et al., (2020) [156] collected eDNA samples
at high frequency (e.g., every 3 h) using the ESP system and successfully detected the DNA of human
pathogens, fish pathogens and introduced fishes, as well as collecting additional archival samples.
When comparing the ESP to traditional sampling methods, no significant differences in eDNA densities
were observed between the two sample collection and filtration methods in either marine [158] or
freshwater settings [156]. The ESP can be deployed directly on the seabed or in a pelagic
configuration, where it can operate for several months depending on power consumption. The newer
iterations are also capable of applying DNA probe and protein arrays as well as using qPCR to detect
a wide range of organisms, genes and metabolites [159]. The performance and sensitivity of ESP to
detect and quantify eDNA in a large mesocosm was assessed by Hansen et al., (2020) [160]. They
found the ESP was able to consistently detect and quantify target molecules from the most abundant
species (Atlantic mackerel Scromber scrombus) both in real-time and from the archived samples.
However, the low abundance species were rarely (European eel Anguilla anguilla, N = 2) or never
(European plaice Pleuronectes platessa and European flounder Platichthys flesus) detected with the
in-situ analysis [160]. This lower detection may be a result of disparity in shedding rate (i.e., benthic
species may be less active) or behaviour ecology (diel migration activity was not considered when
developing the sampling strategy).

The ESP system is based on a modular design consisting of a core sample processor (the ESP),
analytical modules and sampling modules. Sampling modules are devices external to the core ESP that
can be added to meet specialized needs, such as operating in the deep-sea, whilst analytical modules
are conceived to apply different suites of analytical functions downstream of common sample
processing operations [161]. The ESPs’ analytical ‘pucks’ are custom designed reaction chambers that
support a wide variety of filters or chemically adsorptive media depending upon protocol
requirements [162]. This modular design has enabled effective deployment of the ESP in a variety of
environments. For example, the shallow water configuration of the ESP [155] can be modified for
ecogenomic sensing at depths up to 4000 m [163]. These unique features make the ESP a candidate
for offshore monitoring of marine biodiversity, as well as a potential early warning/detection system
e.g. for invasive species.
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5.0 Concluding remarks

Rapid monitoring of aquatic organisms is essential for preserving the Earth’s biodiversity, which is
currently at risk due to the increasing threat of climate change [164, 165]. Management and
conservation of aquatic species requires knowledge of distribution, traditionally gained through visual
detection. However, such methodologies are expensive, labour intensive and can cause harm to the
target organisms [17]. The use of eDNA offers a solution, using non-invasive molecular techniques to
detect DNA shed into the environment [166]. Whilst the majority of eDNA studies to date are limited
to the laboratory and require highly skilled individuals to perform experimentation, progress is being
made to develop portable and autonomous biosensors, which would enable rapid, on-site detection
of target organisms. As highlighted in this chapter, such sensors must overcome three main
challenges; eDNA acquisition, sensitive and specific molecular assay design, and choice of detection
mode. When focusing on autonomous systems, there are also additional challenges, not discussed in
this chapter, such as the preservation of reagents and the ability to transmit results in real-time. To
overcome such limitations, it is important that the field takes guidance from other disciplines by
observing developments made in, for example, point of care testing based on the World Health
Organisation ASSURED guidelines (Affordable, Sensitive, Specific, User-friendly, Robust and rapid,
Equipment-free, Deliverable to all people who need the test) and environmental sensing of other data
(e.g. physio-chemical).

The full potential of robotic technologies like the ESP will be achieved when in-situ analyses
of water samples can transmit real-time results. ‘Near’ real-time analysis has been demonstrated
using in-situ gPCR [159, 163], however, these in-situ modules are still in development and there are
significant limitations regarding expedient data processing and the integration of eDNA results relative
to other environmental (e.g. physio-chemical) data [160]. The generic nature of water sampling,
however, also makes eDNA sampling highly amenable to automation via the adaptation of other
remote sensing technologies that traditionally focus on electromagnetic, acoustic, or other data [25].
Improving the technology to enable fully remote and autonomous eDNA methodologies will greatly
expand the future potential of eDNA applications to collect robust temporal and spatial data relating
to species that, in the past, may have been overlooked due to sampling constraints.
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