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1. Introduction
The monitoring activities of CAMERAS partners are a component of a wider body of monitoring

activities undertaken in Scotland by a range of organisations with various kinds of environmental

remits, as collated by the ‘Scotland’s environment’ initiative (www.environment.scotland.gov.uk).

Key activities are summarised in the Scottish Environmental Monitoring Strategy (Scottish

Government, 2011), in which environmental monitoring is defined as regular observations that are

intended to record change over the longer term and thereby help develop an understanding of the

implications of that change. Such monitoring also includes surveillance and modelling where the latter

is undertaken as part of the process of assessing the condition of the environment. This general

definition of environmental monitoring is followed here. One of the great challenges in environmental

monitoring is to effectively monitor rare and/or elusive species and entire communities without

causing adverse disturbance and to do so in a cost-effective manner. DNA-based methods are

particularly promising for such purposes and have, during the last three decades, provided increasingly

powerful tools to assist environmental monitoring (Figure 1). The last decade has seen a marked step

change in technological development of molecular approaches especially through the advent of High

Throughput Sequencing (HTS) also sometimes referred to as “Next Generation Sequencing (NGS). The

quantity and quality of sequencing data provided by these methods combined with plummeting

costs, and increased sensitivity for assaying degraded or low-concentration DNA are providing

new opportunities for fast, reliable and cost efficient biodiversity monitoring. This study aims to

provide an overview of these novel approaches and their respective benefits and limitations for

the biodiversity monitoring needs of CAMERAS partners.

1.1. Overview of DNA based approaches

DNA based applications to biomonitoring initially focused on using molecular markers such as

microsatellites, Polymerase Chain Reaction (PCR) and Sanger sequencing of mitochondrial genes to

assess genetic population structure and to identify species through DNA barcoding (e.g. Ward et al.

2005; Witt et al. 2006). Those approaches are typically based on DNA samples which are taken from

discrete tissue samples (e.g. fin clips from fish or fungal fruiting bodies) of individual organsims

collected by established sampling techniques, and are classified as direct DNA approaches (Figure 1).

Early approaches to profile microbial communities from complex multi-taxon samples (bulk

communities) were based on analysing banding patters of elecrophoretically separated DNA

fragments and included Denaturing and Temperature Gradient Gel Electrophoresis (DGGE, TGGE) and

Terminal Restriction Fragment Length Polymorphism (TRFLP). However recent technical advances

have made it possible to apply a more powerful approach whereby whole communities of organisms

(microbial and macrobial) can be described by metabarcoding or metagenomics (see Section 4.2.). In

this approach, a bulk community sample is amplified using PCR of one or a small number of conserved

primer pairs, which target a standard barcode region (e.g. mitochondrial COI or nuclear 18S rRNA) and

then sequenced on a HTS platform. These direct DNA approaches are already revolutionising our

understanding of environments that are traditionally more difficult to study such as soil (Porazinska

et al. 2009), other sediments (Creer et al. 2010), the deep sea (Fonseca et al. 2010), and the diversity

of whole communities in fresh waters (Keck et al. 2016), which is a habitat identified as a particular

focus of activity in a very recent review by Jiang & Yang (2017).



6

The discovery that DNA extracted from environmental samples (environmental DNA), commonly

referred to as eDNA, can be used to determine the presence, and potentially the abundance, of certain

species, has opened new possibilities to non-invasive and cost-effective biodiversity monitoring

(Thomsen, et al. 2012a; Thomsen,. 2012b; Ficetola et al. 2008; Jerde et al. 2013; Takahara et al. 2013).

Although similar approaches have been used to describe the diversity of microbial communities for

over two decades (Bik et al. 2012) this has only recently been applied to mejo and macrofauna and

plants.

Macrobial eDNA has been rapidly adopted for targeted monitoring of single-species by standard or

quantitative PCR (qPCR), particularly in aquatic environments (see Section 5.1.). Recently macrobial

eDNA has also been combined with metabarcoding (Thomsen, et al. 2012b) and a small but rapidly

growing number of case studies from natural environments exist to date (see Section 5.2). In addition,

the recent proliferation of invasive macroinvertebrate species in the fresh waters of Europe and North

America (Statzner et al. 2008) has resulted in this approach also being extensively adopted for the

monitoring of invasive non-native species (INNS). Indeed, the potential of such new eDNA monitoring

in aquatic systems was identified as one of the 15 most important global conservation issues in a 2013

horizon scanning exercise (Sutherland et al. 2013). The eDNA approach now overwhelmingly

dominates research addressing the development and use of DNA-based techniques in environmental

monitoring with over 1,117 papers published on this subject to date (15th May, 2017).

Figure 1: Overview of DNA based approaches to monitoring

1.2. Scope of the literature review

This review will largely focus on the recent developments of DNA based monitoring of meiofauna,

macrofauna and plants. The use of such approaches for the analysis of microbial communities

(bacteria, fungi and microbial eukaryotes) is a relatively well-established field and reviewed in detail

elsewhere (e.g. Bik et al. 2012). For the purpose of this review, DNA based approaches will be

categorised into those based on direct DNA and eDNA sources (Figure 1). However, this distinction is

not appropriate for meiofaunal, planktonic or microorganisms, because samples usually contain both

sources of DNA. The eDNA approach may also be applied to a situation in which a sampled organism

is exploited as an ‘environmental sampler’ allowing the DNA of other biota contained within it, such

as that of its prey or parasites, to be analysed and identified. This variant of the eDNA approach is
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covered here, particularly with respect to monitoring species interactions. In contrast, the recent

development of detecting species by combining eDNA with light transmission spectroscopy described

by (Egan et al. 2013) is far from potential operational deployment and so is not considered, while the

microarray (or DNA chip) approach described by (Shallom et al. 2011) is also not covered here because

the design of the required probes is very challenging and it is purely an a priori approach which does

not allow the detection of unexpected species. For completeness, it should be noted that DNA-based

monitoring in which DNA samples are taken from discrete tissue samples from individuals collected

by established sampling techniques is now well-established. Consequently, DNA barcoding and

population genetics are not considered in the remit of the present project, other than in the context

of DNA barcoding libraries for bioinformatics workflows (Herbert et al. 2003). Given the advantages

of high throughput sequencing for describing community composition, as well as rapidly decreasing

costs, this review does not cover earlier, and now largely defunct, community profiling techniques

such as TGGE DGGE and T-RFLP. Finally, the present review is particularly tuned towards the relevant

activities of three CAMERAS partners: Scottish Environment Protection Agency (SEPA), which protects

Scotland’s environment and human health; Scottish Natural Heritage (SNH), which promotes, cares

for and improves Scotland’s natural heritage; and Science and Advice for Scottish Agriculture (SASA),

which provides scientific services and advice in support of Scotland’s agriculture and wider

environment. The monitoring requirements of other CAMERAS partners are also taken into

consideration where appropriate.

The numbers of published and otherwise reported studies of DNA-based monitoring approaches have

greatly proliferated in recent years and this remarkable trend is continuing unabated (see reviews by

Bohmann et al. 2014; Goldberg et al. 2016; Herder et al. 2014; Lawson Handley 2015; Thomsen &

Willerslev 2015; Shaw et al. 2015; Rees, Maddison, et al. 2014; Barnes & Turner 2015). The present

review uses these assessments extensively as they present particularly wide and highly relevant

perspectives including considerations of the practical applications of eDNA techniques in monitoring

programmes. In addition, the present review augments these earlier reviews with more recent

primary studies appearing in the peer-reviewed literature published up to 15 May 2017. The key

findings from the experimental evaluations of Illumina and Oxford Nanopore technologies of the

present project are considered together with the findings of this review in our final conclusions. As

noted above, this review also tailors its subject matter specifically to the monitoring requirements of

CAMERAS partners. These requirements are identified below on the basis of policy drivers and

monitoring activities described in CAMERAS documentation and, more specifically, on the basis of

responses to the consultation questionnaire of the present project.

2. Summary of policy drivers and CAMERAS

partners monitoring requirements

2.1. Key policy drivers

The most significant policy drivers influencing the activities of CAMERAS partners are the European

Union Water Framework Directive (European Communities, 2000), the European Union Habitat and

Species Directive (European Communities, 1992), the Animal Health Act (UK Government, 1981) and
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the Plant Health Act (UK Government, 1967). The Animal Health Act has subsequently been subjected

to relatively minor amendments since its publication in 1981, but these are not considered here.

In broad terms within the present context, the European Union Water Framework Directive seeks to

establish a framework for the protection of inland surface waters (rivers and lakes), transitional waters

(estuaries), coastal waters and groundwater with the key goal of achieving good ecological status. A

full review and assessment is provided by (Hering et al. 2010). In turn, this ambitious initiative has

driven the need for and development of new monitoring techniques and methods for data

interpretation, although such developments remain far from complete or operational. There is some

overlap between the European Union Water Framework Directive and the European Union Habitat

and Species Directive, although the latter specifically promotes the maintenance of biodiversity by

requiring measures to maintain or restore natural habitats and wild species listed on the Annexes to

the Directive at a favourable conservation status, introducing robust monitoring and ultimately

protection for those habitats and species of European importance. A full review and assessment is

provided by (Schmeller 2008). In contrast to these two very wide ranging pieces of environmental

legislation, the Animal Health Act is focussed specifically on farming livestock and empowers ministers

to pay for the veterinary services of livestock farmers who participate in ministry approved codes of

practice for keeping stock in general good health. They also have power to regulate cleansing of

market places, areas where stock are sold or bought, yards, sheds, stables etc., and also equipment

used to carry animals. In addition they have the power to regulate the disinfection of clothes of

anyone in contact with or working with diseased animals. Ministers have power to prohibit or regulate

movement of animals and animal products (including carcasses) (information sourced from

Agricultural Document Library, www.adlib.ac.uk). The Plant Health Act has a somewhat similar

purpose for plants, including crops and forestry, with again a focus on movements and potential

disease implications.

2.2. CAMERAS monitoring requirements

As to be expected, the above policy drivers are reflected clearly in the monitoring requirements of

CAMERAS partners as identified and described in detail in the consultation exercise of the present

project [REF?]. The broadest ranges of monitoring activities are undertaken by SEPA and SNH, which

both engage in many aspects of the monitoring of animal and plant communities and target species,

while several of the other organisations work to more specialist remits. For CAMERAS as a whole, the

monitoring of individual target species is the most important approach and is relevant to all partners,

followed by the monitoring of animal and plant communities. Most respondents identified specific

areas where current monitoring approaches are struggling to deliver the required information, at least

on the scale at which it is required. This issue is particularly acute for lake or loch fish monitoring, for

which current protocols involving netting methods are too expensive and invasive for widespread

routine deployments, as well as environments that have poorly described and hard to identify taxa

such as soils and sediments. It is notable that this limitation was also mentioned in the Scottish

Environmental Monitoring Strategy (Scottish Government, 2011). In addition, although appropriate

non-DNA-based monitoring techniques are already available for some taxa such as

macroinvertebrates, diatoms and phytoplankton, respondents noted that the volumes of required

monitoring are so great that faster, less expensive methods are required to allow monitoring targets

to be met. For some other taxonomic groups, especially those found in poorly described environments
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such as soil (e.g. fungi, nematodes), technical difficulties in visual identifications were also identified

as a major constraint due to limited taxonomic background research and small numbers of

appropriately trained specialists, or simply because some taxa (including those with cryptic species)

are difficult to identify using morphological traits. In terms of monitoring population sizes of individual

target species rather than simply their presence/absence, respondents noted that this is often difficult

for species such as many mammals which are largely monitored through observations of their faeces

or other field signs.

Although the consultation exercise found that ‘traditional’ DNA-based approaches involving direct

tissue sampling of individuals already play an important role in monitoring, it also confirmed that there

is a widespread desire amongst CAMERAS partners to widen the repertoire of available methods to

include more DNA-based techniques. Responses particularly emphasised the potential of eDNA to

help the monitoring of species which are rare or can only be observed during limited time windows.

The early detection of invasive non-native species (INNS) and testing the success of eradication

programmes were also suggested as areas to which new DNA-based techniques could make major

contributions, which are suggestions that are consistent with The Great Britain Invasive Non-native

Species Strategy (Defra, 2015). New approaches to the DNA-based analysis of ‘environmental soup’

produced from soil or water samples and the direct collection of potentially mixed-species samples

of small-bodied but typically numerous organisms were also commonly perceived as a useful tool for

community monitoring. Finally, in addition to the need to develop DNA-based options which will

facilitate truly new approaches to monitoring, a common message from respondents was that the

current and increasing mismatch between requirements and resources noted above means that DNA-

based approaches may also be beneficial for use in areas of monitoring where current approaches

work well but where demand outstrips available resources.

2.3. Wider UK interest and initiatives

Clearly, the most significant policy drivers influencing the activities of CAMERAS partners, including

the European Union Water Framework Directive, the European Union Habitat and Species Directive,

the Animal Health Act and the Plant Health Act, also drive the interests of corresponding bodies

elsewhere in the UK in England, Northern Ireland and Wales. In particular in the present context,

significant common interests in DNA based monitoring approaches are shared with Environment

Agency, Natural England and Natural Resources Wales.

Several UK bodies outside CAMERAS have now produced guidance notes for DNA based monitoring

for very specific single species applications such as the detection of great crested newts (Triturus

cristatus) (e.g. Natural Resources Wales, 2014) and for more diverse and wider applications including

not only single species monitoring but also community composition, pollution source tracking and

method validation (e.g. Environment Agency, 2016).

Such guidance concerning the use of DNA based methods must of course be able to respond quickly

to new advances in this exceptionally rapidly developing field, a characteristic which itself presents a

particular challenge to transfer experience and expertise from often ground-breaking research to the

production of Standard Operating Procedures to support robust and defensible regulatory decision-

making. In the UK, this challenging issue of knowledge transfer has been supported for several years

by a largely ad hoc and self-governing open forum known as the eDNA Working Group, which has
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recently been renamed to the DNA Working Group. This entity forms an open and transparent forum

for government agencies, academics and wider stakeholders to discuss priorities for DNA based

method development, to share learning and progress, to explore technical challenges, to develop

collaborative opportunities and to leverage research funding effectively. It has previously met in York

in 2013, Hull in 2014, Bangor in 2015 and Edinburgh in 2016, with at the time of writing a fifth annual

meeting planned for Salford in December 2017.

At its most recent meeting in 2016, the DNA Working Group decided that the research field was now

sufficiently mature to make feasible and desirable the establishment of a DNA End User Group

comprising UK environment and conservation agency representatives to meet at two monthly

intervals to develop further applied uses and to facilitate links with relevant groups such as the Water

Framework Directive UKTAG and Joint Nature Conservation Committee (DNA Working Group, 2017).

At the same time, the DNA Working Group also decided to develop a number of DNA Technical Groups

as self-sustaining, topic-led groups progressing research and development of DNA-based methods.

These DNA Technical Groups are now being developed with a wide range of focussed topics including

macroinvertebrates in rivers, macroinvertebrates in lakes and ponds, invertebrate based methods for

assessing intermittent rivers and ephemeral streams, invertebrate based methods for assessing

environmental flows below reservoirs, terrestrial invertebrate communities, marine benthos, marine

plankton, phytobenthos (diatoms) in lakes and rivers, phytoplankton in rivers and lakes, macrophytes

in rivers and lakes, describing plant communities and vegetation, fish in lakes, fish in rivers, fish in

transitional waters, estuarine waters and saline lagoons, protected species, invasive non-native

species (INNS) / non-native species (NNS), describing soil biodiversity – microbial communities,

Bathing Waters pollution source tracking, fish pathogens, Norovirus in oysters, air quality monitoring

– bioaerosol components from regulated industry, and pollinators (DNA End User Group, 2017).

Progress within each of these topics is likely to be highly variable, with progress reports for the most

active groups likely to be presented at the next annual meeting of the DNA working Group planned

for Salford in December 2017.

3. Sources of DNA

3.1. Direct from organisms (Direct DNA)

Sampling DNA directly from organisms is technically the most straightforward approach to obtaining

DNA, in that there is a high degree of certainty that both the organism and its DNA are present in the

sample, and the DNA is often not degraded. As the process needed to extract DNA is inherently

destructive, for practical and ethical reasons sample types for this type of analysis are generally limited

to microbial and invertebrate communities. Microbial communities are usually sampled by directly

extracting DNA from the environmental matrix they are in (e.g. biofilms, soil, sediment; e.g. Griffiths

et al. 2011) or by filtering air or water to concentrate cells (e.g. Adams et al. 2015). Protocols for

sampling and extracting DNA from whole invertebrate communities are less well established due to

the more recent emergence of this field of research, but have generally involved obtaining mixed

communities from net samples or traps, freezing or fixing to kill and preserve the specimens and

homogenizing or grinding the whole community to obtain a representative subsample (Elbrecht et al.

2017). Further work is needed in this area to determine optimal approaches. These may include
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potentially non-destructive methods used to extract eDNA from community samples, allowing for the

retention of physical specimens for validation, further analysis and archiving.

3.2. Environmental samples (eDNA)

3.2.1. Characteristics and definition

eDNA by its strictest definition differs from the direct DNA approach discussed above in that the

sample represents cellular or extracellular DNA released into the environment by an organism (e.g. by

sloughing of cells, waste or decaying matter, or release of gametes, Figure 2) rather than tissue of

whole organisms (Lawson Handley 2015; Bohmann et al. 2014; Creer et al. 2016; Barnes and Turner

2015). eDNA techniques can be applied to a range of environments including freshwater and marine

aquatic habitats (water and sediments) and soil habitats, together with ‘environmental samplers’ such

as the gut contents or faeces of predators or parasites. Recent reviews such as those by Bohmann et

al. (2014), Herder et al. (2014), Lawson Handley (2015), Thomsen & Willerslev (2015), Rees et al.

(2015), Barnes & Turner (2015), Goldberg et al. (2016) and Shaw et al. (2015) clearly reflect this

diversity of feasible approaches. However, aquatic habitats are particularly suitable for the eDNA

component of this approach because in such environments DNA can rapidly spread from its source

over a large area, which improves chances of detection, while its limited persistence in the water

column means that detection indicates current or recent occupation by the target species. The

majority of eDNA research and applications have therefore focused on aquatic environments which is

reflected in the aquatic bias of the following sections.

Figure 2: Potential sources of eDNA (A) and schematic representation of an eDNA community (B)

3.2.2. Ecology of eDNA: origin, degradation, retention and transport

Barnes & Turner (2015) provide a comprehensive review of the current knowledge of the ecology of

eDNA. The following summarises some of the key points and add more recent knowledge.

The exact origins of eDNA and its fate in the environment are largely unknown, although it is likely

that eDNA of multicellular organisms is first shed as sloughed cells which then degrade and release

free DNA into the environment. Serial filtration experiments showed that the composition of eDNA

from common carp (Cyprinus carpio) is a complex mixture of eDNA particles from a wide particle size
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range (Minamoto et al. 2016). This is consistent with the view that aquatic eDNA is heterogeneous

containing tissue fragments as well as whole cells and extracellular DNA. Possible sources include

faeces, urine, saliva, gametes, epithelial tissue and decaying body matter (see Figure 2A) but no

evidence base exists to date to assess their relative contribution to eDNA distribution. It is also likely

that these factors vary significantly between taxa and environments. Once released into the

environment, strands of DNA are rapidly degraded by a wide variety of mechanisms. Again we are only

starting to understand the role environmental conditions play in DNA degradation but a study by

(Barnes et al. 2014) identified a number of abiotic and biotic factors which have been implicated in

aquatic eDNA degradation including light, salinity, pH, sediment composition, microbial community

and enzyme activity. In an experimental evaluation, contrary to expectations, DNA degradation

declined with increasing oxygen demand, chlorophyll concentration, and total DNA concentration

(Barnes et al. 2014). (Pilliod et al. 2014) showed that DNA of stream salamanders degraded more

rapidly in cool and shady conditions compared to sunnier and warmer conditions emphasising the

importance of light and temperature.

A knowledge of current local degradation rates is clearly critical to the robust interpretation of the

results of eDNA analyses. Although our understanding is still incomplete some broad patterns have

emerged. eDNA persistence in water is typically hours (e.g. Balasingham et al. 2017) to weeks (e.g

Dunker et al. 2016), but it is considerably longer in aquatic sediments (Parducci et al. 2013) and

terrestrial soils (Yoccoz et al. 2012), where eDNA can persist for months and under permafrost

conditions even thousands of years (e.g. Willerslev et al. 2014). An issue related to the persistence of

eDNA is that of transport and spatial distribution. It is expected that the concentration of eDNA might

be lower under local conditions which facilitate DNA degradation. In lakes, Matsui et al. (2001)

reported a higher rate of eDNA degradation in the epilimnion (the upper, warmer, layer in a thermally

stratified lake which is more exposed to UV radiation) than in the hypolimnion (the bottom, colder

layer). Furthermore, longer persistence times provide an increasing window of dispersion away from

the original source of eDNA. This is especially relevant in aquatic environments where flow or currents

can act as a potential dispersal mechanism for eDNA. Experimental studies and predictive models

show that eDNA dispersion in lentic environments does not follow the pattern of conventional tracers

and might be more difficult to predict (Shogren et al. 2016; Jerde et al. 2016). Nevertheless, it is clear

that variation in flow dynamics among environments adds additional complexity to the expectations

of DNA distribution. Experimental evidence is scarce but previous studies have demonstrated eDNA

detection in flowing waters of up to 240 m from the source (Jane et al. 2014). A number of studies

have used the detection of organisms outside the typical habitat to infer that longer distances up to

several kilometres might be possible (e.g. Deiner & Altermatt 2014; Civade et al. 2016; Hänfling et al.

2016a). Cage experiments in lakes showed possible dispersal of up to 80 m from the cage although no

further distances were tested (Dunker et al. 2016). The detection of the DNA from terrestrial mammals

in offshore lake samples in Windermere also suggest dispersal distances of hundreds of metres (Deiner

& Altermatt 2014; Civade et al. 2016; Hänfling et al. 2016a). Rivers have also been found to act as

“conveyor belts” due to their collection and transport of eDNA, providing opportunity for sampling

biodiversity at the catchment level (Deiner et al. 2016).

To our knowledge, experimental evidence of eDNA dispersal distances in terrestrial habitats is lacking.

In such sediments and soils, a very low proportion of eDNA can persist for very long periods adsorbed

to organic or inorganic particles that protect it from several possible degradation agents. Theoretically,

although the dispersal of eDNA in terrestrial substrates such as soil is likely to be lower due to the
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physical properties of the medium, transport could occur due to the movement of water, active

bacterial or fungal growth and bioturbation (Rawlence et al. 2014). For example, plant DNA has

successfully been detected in groundwater (Poté et al. 2009) suggesting that eDNA could be vertically

washed down through rainwater and potentially vertically transported in the aquatic phase of the soil

environment. eDNA preserved in sediment or soil samples can be used to obtain an integrative picture

of the present or past biodiversity. Extremely slow degradation in cold anoxic sediment means that

DNA can be preserved for hundreds to thousands of years, which allows the tracking of past species

invasions or the detection of rare or threatened species which may no longer persist locally. This

sediment DNA (sed-DNA) appears to be closely linked to the date of sediment deposition, a property

that allows studies to link the age of the sediment (determined by radiometric dating of sediment

cores) with the DNA-inferred species composition. This has been utilised to determine past species

composition in relation to long term environmental drivers such as changing nutrient conditions and

climate change. For example sed-DNA has been used to understand how aquatic microbes respond to

past change, including responses to nutrient levels and microbial eukaryotic community structure over

a 100 year period (Capo et al. 2017), cyanobacterial community composition over a 200 year period

(Monchamp et al. 2016) and cyanotoxin (microcystin) gene diversity and abundance over a 200 year

period (Zastepa et al. 2017). As well as providing a picture of the past aquatic communities, due to the

fact that lakes collect sediment from the surrounding terrestrial environment, sed-DNA has been used

to examine plant communities over time. For example (Niemeyer et al. 2017) compared pollen and

sed-DNA in 31 lakes along a north-south gradient of increasing forest cover in northern Siberia,

identifying 114 plant taxa with sed-DNA, about half of them to species level, while pollen analyses

identified 43 taxa. Reconstructing past communities can be useful for understanding how past

vegetation has responded to both change and the introduction of new species, with the analysis of

sed-DNA in two Scottish lochs correctly identifying the introduction of well-documented 20th Century

plantations of exotic conifers (Sjögren et al. 2017). For further reading, a comprehensive review on

the topic of ancient DNA can be found in (Pedersen et al. 2015).

3.2.3. eDNA as a sampling tool for biomonitoring

The properties of eDNA provide clear advantages for biomonitoring over established methods and a

large body of literature now demonstrates the power of this approach to detect rare and elusive

species, especially in aquatic environments. Virtually all studies have shown lower false-negative rates

than established methods when such a comparison was made (discussed in detail in Section 5).

Furthermore, sampling procedures for eDNA collection are far less invasive and require in most cases

less person hours than conventional surveys (Huver et al. 2015). They also have great potential to

engage the public in nature, science and conservation (Pocock et al. 2015; Lawson Handley 2015).

Such engagement also gives the researcher access to a potentially great amount of sampling effort, at

comparatively low cost and effort. Such schemes are usually simple and low in technology, such as

butterfly transects or bird sightings, so important questions for its application to eDNA techniques is

can this approach be made to work with molecular recording? Can volunteers take appropriate

samples with a minimum of training? Can interest be maintained without direct contact with target

organisms?

Even at this relatively early stage in the development of eDNA monitoring, it is clear that the answer

to the above questions is an emphatic yes. The highly successful example of recent volunteer-

delivered eDNA surveys for great crested newts has been extremely informative in this context (Biggs
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et al. 2015). The encouraging results of these surveys have robustly demonstrated that large-scale

collection of eDNA samples by volunteers is both feasible and effective and provides benefit to both

the research and volunteer communities. They also demonstrate the enormous potential contribution

of volunteers to research because large-scale surveys over short time periods, such as coinciding with

a species’ breeding season, would be far more logistically challenging with only a small professional

research team. As with all methods of volunteer biological recording, professional volunteer support

and prompt feedback of results is essential to ensure that volunteers feel justifiably valued for their

contributions.

However, specific properties of the DNA also bring about certain challenges. One challenge arises from

the low concentration of DNA in the environment combined with potentially unequal spatial and

temporal distribution which means that a high degree of stochasticity needs to be accounted for when

designing sampling protocols. It is therefore necessary to quantify variance during each step in the

workflow and implement sufficient replication to minimise stochastic effects. A number of recent

studies have attempted to develop statistical frameworks for understanding the sources and

magnitude of errors in eDNA sampling (Shelton et al. 2016; Furlan et al. 2016).

Another important issue to consider is the possibility of false positives (i.e. species which are not

present but are detected through eDNA), arising from environmental or laboratory contamination or

PCR assays which lack specificity (Bohmann et al. 2014). While the latter two processes can be

controlled and mitigated through rigorous testing and laboratory standards the possibility is likely to

be higher in eDNA surveys than in conventional surveys. Sources of false positives may not only occur

from laboratory contamination, but may be due to the presence of eDNA in an environment where

the species is no longer present, or has never been present. Herder et al. (2014) considered the

theoretical possibility of release of eDNA from disturbed bottom sediments into overlying waters to

be unlikely, but this mechanism cannot be completely discounted as a potential source of false

positives in some lake studies, especially after periods of high turbulence and water mixing. Other

sources of false positives may come from the transport of eDNA over long distances by rapidly moving

water or through DNA found in faeces of predatory organisms. For example, Hänfling et al. (2016a)

detected European smelt (Osmerus eperlanus) and European flounder (Platichthys flesus) DNA in the

lake of Windermere where they have have not previously been recorded. The authors speculated that

their presence may be due to DNA contamination in the environment caused by the use of these

species by fishermen as dead-bait for catching predatory pike (Esox lucius). Highly mobile birds or

animals may also be an important source of environmental contamination. For example, (Merkes et

al. 2014) found that detectable eDNA of silver carp (Hypophthalmichthys molitrix) and bighead carp

(H. nobilis) may persist for at least one month after their deposition in faeces from bald eagles

(Haliaeetus leucocephalus). Given the clear mobility of birds between water courses and indeed

between entire catchments, the possibility of the erroneous ‘location fixation’ of an eDNA signal is

very real. A potential limitation regarding the spatial interpretation of an eDNA signal arises from the

water flow in lotic habitats where eDNA might be transported over long distances despite rapid

degradation times (see section 3.3.2). While this hampers eDNA based assessment of the exact

distribution of individual species, it is currently unknown what the effect on community diversity

estimates are. For example ongoing experimental studies (Brys, DNA working group meeting 2016)

suggest that even in lotic habitats the eDNA signal strength decreases rapidly with increasing distance

from the source, meaning that downstream drift of eDNA will largely have a qualitative impact on

biodiversity assessment. On the other hand the possibility of detecting an organisms eDNA several
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kilometres away from their location provides distinct advantages for catchment scale monitoring.

Deiner et al. (2016) show that eDNA metabarcoding from lotic habitats can be used to integrate

eukaryotic biodiversity information over space and can be used for overcoming the spatial

autocorrelation biases which are inherent in some classical assessment methods.

4. Summary of key technologies
Modern DNA based approaches to monitoring are largely based on targeted Polymerase Chain

Reaction (PCR, qPCR, ddPCR – see sections 4.1.2 – 4.1.4. for definitions) approaches to amplify or

quantify specific genes, and/or High Throughput Sequencing (HTS) approaches to either sequence PCR

amplicons (amplicon sequencing) or to ’shotgun’ sequence reads distributed across whole genomes

(shotgun metagenomics) (Figure 3).

Figure 3: Methods for detecting and describing DNA from environmental samples
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4.1. Targeted PCR approaches

Targeted approaches are a powerful tool for the detection of single or a small number of species,

based on species-specific amplification of a target gene or other stretch of DNA, using Polymerase

Chain Reaction (PCR) (Section 4.1.1). There are three main methods currently in use: standard (or

conventional) PCR, quantitative PCR (qPCR or ‘real-time’ PCR, RT-PCR) (Section 4.1.2) and droplet

digital PCR (ddPCR) (Section 4.1.3). The methods vary in their assay chemistry and technology,

sensitivity, and cost, and all have advantages and disadvantages as outlined below.

4.1.1. Standard PCR

Standard PCR was developed in the 1980s (Mullis et al. 1987) and is one of the most commonly used

technologies in molecular biology. The objective of this method is to produce thousands or millions of

copies of a target stretch of DNA from single or few copies of extracted DNA. Essentially, PCR simulates

the natural DNA replication process in cells by providing enzymes, nucleotides (the building blocks of

the DNA sequence) and favourable conditions. The process starts by denaturing the double stranded

target DNA into two single strands, by heating to a high temperature. A key ingredient to successful

targeted PCR is the design of highly specific primers. Primers are synthetic stretches of DNA typically

18-25 bases long, that bind to conserved regions of DNA flanking the target sequence in the second

stage of the PCR reaction (known as the ‘annealing’ stage). Primers need to be rigorously tested on

species closely related to a target species, to ensure they only amplify in the species of interest. This

is particularly crucial in eDNA studies in order to avoid false positives. In the third stage of PCR

(“extension”) new copies of the target sequence are synthesized by incorporation of nucleotides into

the complementary DNA strand. These three stages are repeated typically 30-40 times during which

the number of copies of the target sequence increases exponentially.

Following PCR, for targeted eDNA applications, PCR products are typically visualised via agarose gel

electrophoresis and fluorescent staining. The presence of a correctly-sized band on a gel indicates a

positive detection of the target species (Figure 4). However the brightness of the band is not a reliable

indicator of the initial target template concentration and therefore standard PCR is not accurate for

quantitative estimates. A second disadvantage is that although standard PCR itself is sensitive,

standard gel electrophoresis is not. Therefore amplified copies of the target may be present in the PCR

product but not at sufficient concentration to visualise on a gel. Low PCR product concentration can

be due to very low concentration of target DNA and/or presence of PCR inhibitors in the DNA extract.

Both of these issues are potentially important with eDNA samples and can lead to reporting of false

negatives. Finally, scoring of bands via gel electrophoresis can be subjective and vary between

analysts, and is highly dependent on good quality, well-stained gels.
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Figure 4: Gel electrophoresis of standard PCR products for quagga mussel, Dreissena rostriformis

bugensis. Three replicate samples are assayed from each site along a stretch of river approximately

1km downstream from a main population. Each sample tested positive for quagga mussel, as

demonstrated by bands on the gel (Blackman et al. manuscript in prep). The PCR product is

approximately 190 bp in length.

Although rarely used so far for eDNA targeted detection, more sensitive options for visualisation of

PCR products exist. Capillary electrophoresis (CE) is widely used for DNA fingerprinting and other types

of DNA fragment analysis and a standard procedure in many molecular ecology laboratories. This

method is considerably more sensitive for detecting PCR product than standard gel electrophoresis,

removes the subjectivity and gel quality issues associated with standard gel electrophoresis, and

allows both accurate resolution of PCR product size and simultaneous analysis of several targeted

assays (“multiplexing”). Well-designed multiplex experiments use non-overlapping fragment sizes and

up to five fluorescent dyes to allow tens of markers to be analysed simultaneously (e.g. Nichols et al.

2012). This approach is promising for studies that want to perform simultaneous detection of several

species, especially if the initial concentration of target eDNA is low. A disadvantage is that it requires

relatively expensive (~£60K) specialist hardware (a Beckman Coulter CEQ8000, Applied Biosystems

Genetic Analyzer series 3500, 3730, 3130 or 310) and system-specific software for fragment analysis,

which although commonly used in molecular ecology, is not (and increasingly is no-longer) standard

equipment in most labs. There is a move towards chip-based technology for PCR, which could

revolutionise monitoring with eDNA, providing opportunity for on-site detection of species. A portable

microfluidic detection platform has been developed for ballast water screening, which combines DNA

extraction and standard PCR with a carbon nanotube microfluidic chip to identify target species

(Mahon et al. 2011). Assays were designed for three invasive species commonly transported in ballast

and successfully tested on ballast samples in the field (Mahon et al. 2011).

4.1.2. qPCR

Quantitative PCR monitors the number of copies of the target region after each cycle of amplification

rather than at the end of the reaction as in standard PCR. qPCR allows for the detection of target DNA

concentration in a sample, with no need for gel electrophoresis. It is considered to be more sensitive

than standard PCR because a DNA signal can be detected from very low starting copy number (see

section 5.1.1). qPCR is also appealing for eDNA studies because it can be used to determine the

absolute concentration of DNA in the sample, and is therefore potentially informative for estimating

species abundance (see section 5.1.3).
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There are two possible approaches for monitoring the concentration of double-stranded DNA during

qPCR (Figure 5). The first approach uses non-specific intercalating fluorescent dyes (e.g SYBR Green,

EVA Green etc), which bind to any double stranded DNA present in the reaction. The second approach

uses fluorescently-labelled oligonucleotide probes that bind to the target sequence only (e.g TaqMan

Minor Groove Binder, MGB). Both approaches measure the increase in fluorescence, which is

proportional to the number of copies of amplified DNA, during each cycle of PCR. The level of

fluorescence increases over the PCR cycles, creating an amplification curve (Figure 6). The greater the

initial template concentration, the earlier in the PCR this curve is detected. The cycle number at which

the curve becomes clearly distinguishable from the background fluorescence is called the Cycle

threshold (“Ct”) and it can be compared to standards of known copy number to accurately estimate

initial target DNA concentration in samples.

Figure 5: Comparison of assay chemistry for probe-based (Taqman) and dye-based (SYBR green)

qPCR. Image sourced from http://www.biosyn.com/tew/taqman-vs-sybr-green-chemistries.aspx
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Figure 6: qPCR (SYBR green) amplification plot (a) and melt curve (b) for quagga mussel, Dreissena

rostriformis bugensis. The amplification plot represents the accumulation of PCR product over the

duration of the qPCR experiment. The Y axis is the change in relative fluorescence. Each coloured line

on the plot represents a sample. The earlier in the qPCR experiment the curve increases from the

baseline fluorescence, the greater the number of target DNA copies in the sample. The melt curve

charts the change in fluorescence observed when double stranded DNA separates into single strands.

Plotting the curve is a way of checking for reaction specificity. A single, clear peak (as shown here)

demonstrates a highly specific reaction. (Blackman et al. manuscript in prep).

Target-specific primer design is an essential step for both approaches but there are important

differences between them. Intercalating dyes emit fluorescence when any double stranded DNA

bonds are created, including non-target DNA and primer dimers. Non-specific binding of the

fluorescent dye can interfere with accurate quantification of the target sequence, therefore primers

must be highly specific to the target sequence and dimer formation minimal. The probe-based

approach is not as sensitive to the presence of non-target DNA or primer dimers as the signal is

detected only after the probe hybridizes with its target sequence. However insufficient specificity in

the primers (more so than the probe) can still result in both false positives and negatives, particularly

when closely related species are present, as demonstrated in an investigation of the specificity and

sensitivity of Taqman MGB assays for co-occurring invasive brook and native bull trout (Salvelinus

fontinalis and confluentus, respectively) (Wilcox et al. 2013).

Both dye-based and probe-based approaches currently rely on time-consuming construction of

standard curves from “standards” of known DNA concentration in order to estimate copy number of

target DNA in every qPCR run. Intensity of fluorescent signals from samples is then compared against

the standard curve to calculate the DNA concentration. Accurate DNA quantification relies on the

assumption that all samples are PCR-amplified with the same efficiency as the standards - in other

words, that there are no PCR inhibiting-substances present in the samples (Hoshino & Inagaki 2012).

This assumption may be unrealistic in environmental DNA samples, which may contain PCR inhibitors

such as fulvic and humic acid and polysaccharides, which co-extract with eDNA (Hoshino & Inagaki



20

2012). Potentially, this could lead to underestimation of DNA concentration in environmental samples

containing inhibitors. The sensitivity of qPCR assays is normally determined by estimating the LoD

(limit of detection) score through serial dilutions. To determine whether sensitivity is robust in

environmental samples, qPCR assays can be validated by mixing serial dilutions with a fixed

concentration of background DNA extracted from environmental samples (as in (Scarlett et al. 2013)).

4.1.3. ddPCR

Droplet digital PCR (ddPCR) is a relatively new method based on microfluidics, which could potentially

provide a much more cost-effective but equally accurate means of estimating eDNA concentration

(Nathan et al. 2014). ddPCR essentially involves random partitioning of target DNA into several

thousand individual droplets which are then amplified by PCR (Figure 7). Random sampling means that

droplets can contain target or background DNA or both. The fraction of positive droplets is then used

to calculate the concentration of target DNA (Nathan et al. 2014), allowing absolute quantification of

DNA molecules. A key difference to qPCR is that it does not require preparation of standards and

calibration between runs. As opposed to standard and qPCR where the reaction is carried out in one

volume, ddPCR is carried out over thousands of very small (nanoliter) reaction volumes. Each volume

has 0 or 1 target molecule present and when PCR amplification occurs fluorescent signals are detected

in the samples with target DNA present and this is then used to calculate the number of target

molecules (Nathan et al. 2014). Resulting PCRs are either positive or negative for the target DNA and

the amount of target DNA is estimated from the number of chambers containing amplification

products on the basis of Poisson statistics. Quantified copy number is independent of the amplification

efficiency, which may be an advantage over qPCR for environmental samples (see Section 5.1.3)

(Hoshino & Inagaki 2012).
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Figure 7: Principle of ddPCR. Image credit Bio-rad laboratories Image sourced from http://www.bio-

rad.com/en-uk/applications-technologies/absolute-quantification-pcr-targets-with-droplet-digital-

pcr-system
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4.1.4. Comparison of targeted methods

The four different PCR based methods potentially have different strength for biodiversity monitoring

applications, including cost efficiency, detection sensitivity and practical considerations such as ease

of use. Those key characteristics are summarised in Table 1. However it has to be noted that factors

such as operational cost and limits of detection differ widely between different studies, which likely

reflects the range of protocols used in individual laboratories but also the inherent variation between

specific applications. This hampers the effort to pinpoint the most suitable method for specific

applications. Nevertheless it is clear that standard PCR has by far the lowest operational cost and can

be carried out in basic laboratories with relatively little training but the detection limits are on average

higher than for the other three methods. The differences between the other method are less

consistent and we found that there is no clear evidence to prefer one over the other.

Table 1: Comparison of key features of different approaches for targeted biomonitoring. All costs were

standardised to £ sterling using conversion rates/1£ of 1.13€, 1.36 US$ and 1.67CDN respectively.

Standard PCR qPCR
(Intercalating
Dye)

qPCR (Probe) ddPCR

Purchase Cost £5520-6,750 for a
96 well machine

£14,000-17,000
(96 wells)

£14,000-17,000
(96 wells)

£14,000-17,000
(96 wells)

Cost per reaction £3.15/reaction
for reaction
reagents and
consumables
only (Nathan et
al. 2014)

£24.90/ sample
including labour
(Davy et al. 2015)

£2.06/reaction
for reaction
reagents and
consumables
only

£26.07/ sample
including labour
(Davy et al. 2015)

£6.54/reaction
for reaction
reagents and
consumables
only (Nathan et
al. 2014)

£1.02/reaction
for reaction
reagents and
consumables
only (Doi, Uchii,
et al. 2015)

£1.41/reaction
for reaction
reagents and
consumables
only (Verhaegen
et al. 2016)

£2.96/reaction
for reaction
reagents and
consumables
only (Nathan et
al. 2014)

£3.47/reaction
for reaction
reagents and
consumables
only (Doi, Uchii,
et al. 2015)

£2.48/reaction
for reaction
reagents and
consumables
only (Verhaegen
et al. 2016)

Time
comparison

0.174 person
days for a
positive
detection, from
DNA extraction
to analysis, per
sample (Jerde et
al. 2011)

Same as probe-
based qPCR
(although design
of target-specific
probes is not
required)

3.5 h to prepare,
extract DNA and
screen qPCR
samples per
sample (Nathan
et al. 2014)

2h 20 for 81
reactions for PCR
sample

2 h to prepare,
extract DNA and
screen qPCR
samples per
sample (Nathan
et al. 2014)

5h 40 for 48
reactions, from
PCR sample and
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preparation and
qPCR (Doi, Uchii,
et al. 2015)

droplet
preparation to
Droplet
florescence
reading (Doi,
Uchii, et al. 2015)

Fragment size Any <150 bp <150 bp < 450 bp

Limits of
Detection

0.001-190 pg
(N=12)

0.00000118 pg
(Scarlett et al.
2013)

0.0000118 to 6
pg (N=22)

0.13-50 copies
per reaction
(N=3)

Advantages Routine

procedure in all

molecular labs.

Cheapest overall

cost when

equipment and

reagents are

considered

Does not require
a gel
electrophoresis
step

No probes are
required, which
reduces assay
setup and
running costs

Does not require
a gel
electrophoresis
step

Combination of
probe and
primers increase
assay specificity
over standard
PCR or dye-based
qPCR

Does not require
a gel
electrophoresis
step

Does not require
construction of
standards or
standard curves

May be less
susceptible to
inhibition than
qPCR

May have
increased
accuracy for
exact
quantification of
target sequences
over qPCR

May be more
cost-effective
than qPCR (but
not confirmed by
all studies)

Disadvantages Requires gel
electrophoresis
step for
visualisation of
results

Is not
quantitative

Equipment,
reagents and
consumables
costs higher than
for standard PCR

Currently
requires time-
consuming
construction of

Equipment,
reagents and
consumables
costs higher than
for standard PCR

Reagents more
expensive than
for dye based
qPCR

New technology,
not widely
evaluated yet
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Is not as sensitive
as other methods

standards and
standard curves
for every run.

Less specific than
probe-based
qPCR as dyes
intercalate with
all double
stranded DNA in
the reaction.
Assays need to
be highly specific
to avoid
background noise

Reactions can be
adversely
affected by
inhibitors in
environmental
samples

Reproducibility
can be poor

Not always
possible to find
appropriate
primer and probe
combinations

Currently
requires time-
consuming
construction of
standards and
standard curves
for every run

Reactions can be
adversely
affected by
inhibitors in
environmental
samples

Reproducibility
can be poor

4.2. HTS sequencing

Whilst species-specific PCR based assays have the advantage of relative simplicity and sensitivity, the

need to design and validate a separate assay for each species of interest means that it is not viable to

profile the composition of complex communities using this approach. Community based genetic

monitoring approaches are based on utilising the power of HTS to generate millions of sequence reads

in a single sequencing run. This high sequencing depth allows the parallel sequencing of both a large

number of different sequences, representing the diversity of organisms in a sample, and multiple

samples, simultaneously. The resulting large data sets need to be bioinformatically analysed for quality

control and to assign sequences to taxonomic units. The principle strategies for community sample

sequencing are described below.

4.2.1. Sequencing strategies

4.2.1.1 Amplicon sequencing (metabarcoding)

Amplicon sequencing makes use of broad-specificity primers to amplify a fragment of a gene of

interest simultaneously from whole communities (e.g. bacterial rRNA encoding 16S, mitochondrial

Cytochrome Oxidase I or nuclear 18S). These primers can be designed to have varying degrees of

specificity, from amplifying DNA from a particular group of organisms (i.e. a specific species or family)
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up to higher level taxonomic groups such as “vertebrates” or “bacteria”. The careful design and

selection of these primers is crucial for the success of metabarcoding studies. Primers should show no

amplification bias for certain taxa and the amplified target region needs to be sufficiently variable to

distinguish taxa to the level required (ideally species). The mix of amplified DNA is prepared for

sequencing by the generation of a sequencing library containing multiple samples, often added in

equimolar quantities to result in an even spread of sequences across samples. Where multiple samples

are sequenced in the same library, library preparation also involves the incorporation of a short

‘barcode’ or tag consisting of 6-12 bases of DNA in a predefined sequence, to each sequence, to allow

sequences to be subsequently assigned to the samples they originated from. The library is then

quantified and added in a known concentration to be sequenced on a HTS platform (e.g. Illumina, Ion

Torrent, 454 or nanopore), with the exact procedure being platform dependent.

The raw data output, comprising many millions of sequences, needs to be bioinformatically processed

to deal with inherent sequencing errors, joining forward and reverse reads (in the case of Illumina

sequencing), clustering or de-replicating sequences to reduce the size of the dataset and further

reduce error rates, and finally assigning a taxonomic identity to each cluster or sequence variant. This

approach is heavily reliant on the computational approach used for each step, which is a field of

research under active development, with many different tools and approaches available. Although

many research teams will develop bespoke bioinformatic tools or scripts for use on specific projects,

there are a number of general pipelines available that are commonly used for the processing of

amplicon data, including QIIME (Caporaso et al. 2010) and Mothur (Schloss et al. 2009). However,

these tools have not yet incorporated workflows for the analysis of commonly used eukaryotic

barcoding genes such as Cytochrome Oxidase I (COI), and bespoke approaches to taxonomic

assignment may be needed until this has been resolved.

The presence and completeness of reference sequence databases (i.e. the sequence for the specific

gene with a taxonomic assignment) has a large influence on the ability to taxonomically identify

sequences (although some information can be obtained about community diversity in the absence of

such databases, based purely on genetic diversity). Despite the complexities inherent to this approach,

the development and application of amplicon sequencing has transformed our understanding of

biodiversity, particularly in the study of Eukaryotic and Prokaryotic microbes, where the inability to

culture >99% of species, combined with a lack of morphological features, has meant that amplicon

sequencing is now the standard method for characterising microbial communities. As a result, many

of the technical and bioinformatic developments in the field of amplicon sequencing originate from

microbial ecology research.

The disadvantages of amplicon sequencing include the fact that designing primers to amplify diverse

taxa can be challenging (and in some cases not possible) and the amplification of DNA from mixed

sources has a number of inherent biases based around the specificity of the primers. Because of this,

certain amplicon assays may miss some taxonomic groups altogether. This has been seen as

acceptable (if not ideal) in microbial ecology due to the overwhelming biological diversity that

researchers are presented with, but this is less desirable when the community comprises a smaller

grouping of well-defined species, some of which may not be detected. Additionally, it is not always

possible to amplify gene regions that have enough discriminative power to distinguish some closely

related species, resulting in the “clumping” of some species and subsequent underestimations of

biodiversity.
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Despite the inherent drawbacks of this approach, amplicon sequencing is the most widely used

method for characterising biodiversity (as opposed to single species detection, where PCR, qPCR and

ddPCR are more commonly used) due to its relative low cost and the ease at which large numbers of

samples can be processed simultaneously.

4.2.1.2 Shotgun metagenomics

An alternative PCR-free approach for characterising whole communities is metagenomic sequencing.

This involves sequencing fragments of genes from all the organisms present in a complex sample.

Community DNA from an environmental sample is fragmented (either enzymatically or physically)

before the sequencing library is prepared via the addition of tags to label sequences and sequencing

platform specific adapters. The random fragments of DNA sampled from the sum of the genomes of

all the organisms present in the community are sequenced. Metagenomic approaches have the

significant advantage of not requiring an amplification step, and as a result prior knowledge of the

community being analysed is not necessary. Disadvantages include the cost (currently much more

expensive than amplicon sequencing) and the fact that reference databases need to comprise whole

genomes or mitochondrial genomes of the organisms of interest, rather than a specific gene region.

Bioinformatic analysis is also considerably more complex, more time consuming and requires high

power and expensive hardware. For these reasons the shift to metagenomic analysis as a routine

method is still likely to be some way off, but is a likely development as technologies and analytical

approaches mature.

4.2.2. High Throughput Sequencing (HTS) platforms

High throughput technologies from Illumina currently dominate the HTS market, providing cheap

large-scale systems with well developed library-construction and bioinformatic analysis. These very

well known protocols, well-characterised error profiles and analysis routines, provide a robust set of

expectations for environmental monitoring experiments. The Illumina platforms (primarily HiSeq and

MiSeq) are demonstrably well-suited to current environmental HTS. Other platforms such as PacBio

and Ion Torrent have a much smaller market share for this type of work and are highly unlikely to

displace Illumina. One issue facing the monitoring community is that experimental designs and

expectations are, to varying degrees, dictated by the capabilities of the current HTS technology. The

different approaches that could be taken with other sequencing platforms needs to be considered.

The leading novel platform is that of Oxford Nanopore (ON), which has moved from possible to actual

Illumina competitor in the few months prior to this project. Much discussion of the ON platform has

focussed on the long sequence length, as it can produce reads >100kb and is powerful for genome

assembly. Other aspects that make ON stand apart from Illumina are the high sequencing speed, very

low cost hardware, and very small self-contained portable format (the “MinION”). The following

sections provide an overview of the technologies.

4.2.2.1. Illumina platform

Since its introduction in 2006, Illumina Inc. have produced the most widely used sequencing platform.

Despite a number of competing technologies, including the Thermo Fisher’s Ion Torrent and Ion

Proton and the now defunct Roche 454 platform, Illumina’s sequencers have dominated the market

due to their high data throughput, low cost per base and relatively low error rate (Goodwin et al.

2016).
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In its simplest form, Illumina’s sequencing by synthesis approach uses enzymes (polymerases) to copy

fragments of DNA that have been hybridized to a glass microfluidic channel (the Illumina flow cell).

Figure 8 shows a typical workflow for direct sequencing of genomic DNA (without PCR amplification).

For amplicon sequencing steps A and D vary from the depicted overview but steps B and C are generic

for all applications. Clonal clusters are generated on the flow cell surface, with each cluster

representing a single DNA fragment and many millions of clusters present per flow cell (Figure 8B). As

strand elongation occurs, fluorescent images identify the incorporation of nucleotides into the strand

in each cluster, enabling the collection of sequence composition data from many millions of DNA

strings simultaneously (Figure 8C). The high data throughput allows for sequencing from DNA from

mixed sources, such as metagenomes, transcriptomes and amplicon libraries.

Figure 8: Illumina sequencing overview. Image sourced from

https://www.illumina.com/content/dam/illumina-

marketing/documents/products/illumina_sequencing_introduction

The preparation of a sample for sequencing (a sequencing “library”) can take many different forms,

depending on the application (whole-genome sequencing, de novo sequencing, targeted

resequencing, metagenomics, methylation analysis and amplicon sequencing).

During sequencing library preparation, short stretches of DNA, typically 6-10 base pairs (bps) can be

added to each DNA fragment to act as a barcode, allowing individual samples to be tagged and later

de-multiplexed if many samples are sequenced simultaneously (Figure 9). In addition a stretch of DNA

complementary to the lawn of oligonucleotides present on the flow cell is added (the Illumina

adapter), allowing the fragment to bind to the flow cell during sequencing. The addition of barcodes
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and adapters either occurs during this first round of PCR (a one-step protocol) or during a second

round of PCR (a two-step protocol). Once the individual samples have been amplified by PCR they are

normalised in concentration, either manually or using a commercial normalisation kit, and pooled and

quantified prior to sequencing.

Figure 9: Illumina library preparation. Image sourced from

https://www.illumina.com/content/dam/illumina-

marketing/documents/products/illumina_sequencing_introduction

Illumina has a large and continuously developing range of hardware and sequencing chemistry that

now covers a range of upfront and running costs, from the benchtop sequencers such as the MiniSeq

(throughput of 7.5 billion bases (Gigabases – Gb) and the MiSeq (15 Gb) to the production scale HiSeq

(1500 Gb). At the lower end, the MiniSeq and Miseq are within the budget of many research and

commercial labs, although ongoing costs associated with service contracts and running costs need to

be taken into account. The HiSeq and the just released NovaSeq are designed for centralised facilities

or commercial sequencing labs due to the high upfront cost and the need for continuous use to

become cost effective.

4.2.2.2. Oxford Nanopore

The use of nanopores (small tubes, approximately 1 nm in diameter, often composed of proteins in

biological membranes) for DNA sequencing was proposed in the late 1980s by several independent

groups (Deamer et al. 2016). It has only been since 2014 that the public have had access to this

technology however, which was then commercially released in May 2015 as the MinION sequencer by

Oxford Nanopore Technologies Ltd.

The nanopore used by Oxford Nanopore Technologies (a mutant of the CsgG pore from E. coli) is a

nine subunit protein tube embedded in a synthetic membrane, with a polymerase attached to move

DNA strands through the pore (Figure 10). As the DNA strand passes through the pore there are



29

different deflections of current across the membrane created by the different nucleotides, and these

can be measured and the DNA sequence determined.

Figure 10: Nanopore DNA sequencing. Single strands of DNA are pulled through the pore by the motor protein

and changes in current ‘read’ by the nanopore (left panel). A representation of the current deflection (right panel)

as different groups of nucleotides pass through the pore. The current deflection can be measured in real time and

converted to DNA sequence information.

Current MinION sequencing chemistry (Feb 2017) allows approximately 250 nucleotides per second

to pass through the pore with 512 pores monitored per flowcell. The total read length is not

constrained by the pore, but rather the length of DNA available to it (usually <50kb), and the total

length of the sequencing experiment (approx 36 hours). Long-read data is very highly valued for

genome assembly, though for eDNA experiments, with short lengths of input DNA, this is unlikely to

produce exceptionally long reads. Despite this, sequencing metabarcode fragments of greater length

than typically produced by Illumina technologies (125-300bp) may allow better resolution of closely

related taxa. At time of writing up to 17Gb of data can be produced from a single run, though real-

world yields are more typically 5-8Gb, which is lower than typical Illumina MiSeq v3 yields of 11-15Gb.

Nanopore sequencing is a very rapidly developing technology however and the rate of increase in data

production over the last 12 months indicates that the platforms either are, or will soon, be very similar

indeed in quantity of DNA sequence produced. During the course of this project a new high throughput

sequencing kit was released which produces so called “1D” data, where only one strand of the

template DNA is sequenced and with a comparable quality to previous 2D kits, where both

complementary strands needed to sequenced to achieve acceptable error rates (Figure 11).
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Figure 11: Evolution of MinION sequence output. As chemistries and software change the output of a

single MinION flowcell has greatly increased. The current ON estimate of ~17GB yield for the latest

chemistry is very similar to that obtained with MiSeq. Figure from Oxford Nanopore.

A MinION sequencing flowcell need not be a single experiment or run. Flow-cells can be stopped,

stored, washed and reloaded with different samples, even though the total electrophoresis runtime

of a single flow-cell remains at 36 hours.

Figure 12: The Oxford Nanopore minION sequencer (lower right) is attached to a laptop via a USB cable,

with information about pore sequencing activity reported in real time.
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This has important implication for the cost-efficiency for small and medium scale projects since it

provides flexibility to combine samples from very different applications. The ON MinION device is sold

on a consumables economic model; rather like razor blades and razors. A starter pack (~£1000)

includes the metal housing, cable, and 2 flow-cells where sequencing occurs. Subsequent flow-cells

are purchased as required to use in the original housing, thus there is no direct expenditure on

equipment. This is a very significant difference to other companies which have large initial equipment

outlay, for example a small Illumina sequencer is tens of thousands of pounds, with broadly similar

sequencing consumable costs on top. As a consequence, Illumina sequencing activities are typically

centralised whereas ON sequencing can be federated, carried out cheaply in many separate locations.

The MinION itself is remarkably small (Figure 12) with a length of 20 cm and weighing approximately

100g. The size, robustness, and ease of library preparation means that minION sequencing can be

performed in the field, should data be required quickly from remote locations. Early field uses of the

minION have been dominated by the impressive efforts in monitoring of Ebola strains during

outbreaks in Guinea (Quick et al. 2016) and Zika virus in Brazil (Faria et al. 2017).

It must be clearly stated that at the current time the effective error rates of ON are greater than

Illumina. The error rates are typically presented differently for each platform but are currently of the

order of 0.1% for Illumina and range from 1 - 10% for ON. The ON error rate is at time of writing the

same as Sanger sequencing error rates. For the user, however, how important this difference is

depends on context. Nucleotide errors are not trivial, but the design of many experiments is robust to

them. For example metabarcoding typically produces thousands of sequences from the same

template, which are then clustered into a type of consensus sequence. In these situations we expect

bioinformatically averaging across independent errors will recover the source sequence reliably. Even

if working on a per-read analysis, or if read clustering is not total, then we expect that sequences with

1% error will be taxonomically assigned within species since 1% is a typical level of natural genetic

variation within species. The bioinformatic challenges of ON error rates are not yet completely solved,

and the protocols for dealing with sequencing errors less well understood than for Illumina data, but

the speed of reduction of ON sequencing errors suggests that this will soon be less important. For

those new to the field it is important not to confuse sequencing error with experimental error. So 1%

of data is not incorrectly taxonomically assigned, rather there is a different signal to noise ratio that

must be dealt with before assignment is made.

Data generated by the MinION can be monitored in real-time and with a small reference database

sequences identified as they are base called. In addition, since nanopores are independently read and

independently controlled it is possible to reverse the current and eject a DNA molecule from the pore.

This technology has been described as “read until” and initial demonstrations indicate that it can be

useful in selecting certain molecules for DNA sequencing from a mixture (Loose et al. 2016a).

A fascinating and potentially very important development of ON is Real Time Selective Sequencing

(Loose et al. 2016b) where DNA sequence data is analysed as it is produced, and DNA molecules are

rejected from the pore if they meet pre-set criteria, such as ‘already sequenced’ or ‘host DNA’. This

allows for preferential sequencing of rare components of a sample with many applications in parasite

monitoring, dietary analysis, and community composition. The extreme portability of ON will have

many advantages to environmental research, biomonitoring and pathogen detection, allowing rapid

in-field analysis (Quick et al. 2016).
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The biomedical community has wholeheartedly adopted minION sequencing for field based detection

and monitoring of disease outbreaks and their spread (Schmidt et al. 2017; Quick et al. 2016; Faria et

al. 2017; Grubaugh et al. 2017). There are obvious parallels to field monitoring of wildlife pathogens,

invasive species, and community disturbance by human activity.

4.2.2.3 Comparison of both technologies

As discussed in the sections above, the Illumina and ON sequencing technologies are fundamentally

different, and therefore some comparisons are not straightforward (Table 2). For example the

approximately 50 times higher number of reads for Illumina do not directly translate into an increase

in capacity of that magnitude. It also needs to be considered that the ON technology is in a much

earlier phase of development than Illumina and therefore subject to rapid change. For example the

ON error rates vary by an order of magnitude depending on the exact version of the chemistry used

and are almost certainly out of date by the time this report is published. ON are frequently introducing

new library preparation kits, and these impact on the number of samples that can be run

simultaneously, and open up new monitoring possibilities by, for example, the direct analysis of RNA.

Table 2: A comparison of the differences between the MiSeq and MinION sequencing platforms. All

costs are approximate and are subject to change

(information from http://www.molecularecologist.com/next-gen-fieldguide-2016/).

Illumina MiSeq
(using V3 Chemistry)

Oxford Nanopore MinION

Purchase Cost £80,000 £1,000

Service Contract (3 years) £8,000 £0

Run time (hours) 56 Variable up to 48

Reads (Millions) 25 0.6

Bases per read 600 +10,000

Reagent cost per run £1200 £1000

Reagent Cost/Gb £80 £120

Gbp/run 15 6

Error rate (%) ~0.1 1 - 10%*

*The MinION error rate is highly variable depending on the quality of the sequencing library and the

exact version of chemistry used, so this value is only a guideline.

Nevertheless currently the ON error rates are at least one order of magnitude higher than Illumina,

which potentially reduces the power to detect closely related species in complex communities. It is

also apparent that the initial investment and running costs and run time differ substantially, ON is

significantly cheaper and has a much faster turn-around time, which has important implications for

operational costs. ON requires no service contracts, whereas the service contract for a MiSeq is

approximately £8K per year. Importantly ON can generate long sequence reads which makes this

technology much more suitable for metagenomics approaches than Illumina.
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5. Approaches

5.1. Monitoring target species

5.1.1. Introduction

New developments of DNA-based monitoring of single species have almost exclusively focused on

eDNA approaches. Although direct DNA approaches such as DNA barcoding are also still used these

fall outside the scope of this review.

In the first application of eDNA for species detection, standard PCR was used for detection of invasive

American bullfrog (Rana catesbeiana = Lithobates catesbianus), in controlled environments and

natural ponds (Ficetola et al. 2008) and the method later improved by Dejean et al. (2012). The species

was detected in all environments where it was known to be present, even at very low densities

(Ficetola et al. 2008) and greatly outperformed traditional survey methods for sensitivity of detection

(Dejean et al. 2012). Since this groundbreaking study, targeted assays have been developed for over

100 species covering mammals, fish, amphibians, crustaceans, insects, macroinvertebrates and fungal

pathogens ((Lawson Handley 2015); Appendix 1). Targeted assays have been employed in a range of

environments, from small ponds to large lakes, rivers, seawater, ballast, soil and other sediment, plant

material including browsed twigs, and gut contents (Appendix 1 and reviewed in Lawson Handley

2015). Several targeted assays have been rigorously tested in controlled mesocosm experiments to

determine DNA shedding rates and degradation, and evaluate whether a quantitative relationship

exists between eDNA and species biomass (e.g. Thomsen, et al. 2012b). The use of eDNA techniques

for the detection of target species has also been evaluated in several previous reviews (Herder et al.

2014; Bohmann et al. 2014; Rees, Maddison, et al. 2014; Lawson Handley 2015). The great majority

of targeted assays have used either standard PCR or probe-based qPCR, with dye-based qPCR and

ddPCR restricted to a few studies each (Appendix 1). The relative merits of standard PCR, qPCR and

ddPCR for targeted assays are therefore discussed in detail below. Initially, we compare standard (non-

quantitative) PCR approaches with qPCR for species detection, then focus more specifically on the

relative merits of qPCR and ddPCR for detection and abundance estimation.

5.1.2. Performance for species detection

Probability of detection for targeted eDNA assays is typically high, with the highest detection rates

(>90%) generally associated with smaller, lentic water bodies (particularly ponds) whereas detection

rates are unsurprisingly lower in open ocean and lotic water bodies (Olsen et al. 2015; Foote et al.

2012; Thomsen, et al. 2012a; Herder et al. 2014; Appendix 1). Where direct comparisons have been

undertaken, targeted eDNA assays have repeatedly been shown to outperform established survey

methods in terms of detection rate. For example, in a large comparison of established survey methods

and eDNA (probe-based qPCR) for detection of great crested newt, detection rates were 99.3% for

eDNA compared to 76% for bottle trapping, 75% for torch counting and 44% for egg searching, and

even outperformed bottle trapping and torch counting combined (95%) (Biggs et al. 2015). Promising

results have also been found for stream-dwelling amphibians; Rocky Mountain tailed frogs (Ascaphus

montanus) and Idaho giant salamanders (Dicamptodon aterrimus) (Pilliod et al. 2013a). Higher

detection rates were obtained for targeted eDNA assays than traditional kick-net surveys, particularly
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when the species were at low densities and eDNA concentration positively associated with in-stream

density, biomass and proportion of transects occupied (Pilliod et al. 2013a).

Recent studies have provided encouraging results for detecting species in more challenging, open-

water environments. Firstly, in a study of the distribution of endangered tidewater goby

(Eucyclogobius newberryi) along 400 km of shoreline in California and Oregon, USA, using eDNA and

traditional seine netting, approaches the probability of detection using eDNA was nearly double that

achieved using seine netting. Furthermore eDNA detected fish at two locations where they had not

previously been detected and at one location where they had been considered to be extirpated

(Schmelzle & Kinziger 2016). Secondly, promising results were obtained for the detection of elusive

species in seawater, when a recent study successfully detected octopus (Octopus vulgaris) using a dye-

based qPCR approach in seven out of eight 1 L seawater samples from the Cantabrian Sea (Mauvisseau

et al. 2017).

There are likely to be greater challenges associated with detection of non-vertebrate taxa, as

demonstrated by an investigation of the invasive red swamp crayfish (Procambarus clarkii) in 158

French ponds (Tréguier et al. 2014). Detection efficiency of a qPCR assay was compared against a

traditional survey method of using food-baited funnel traps. eDNA had a better detection efficiency

but was problematic at low crayfish abundances. The greater technical challenge associated with

detection of crayfish relative to fish and amphibians was hypothetically linked to lower amounts of

extracellular DNA (Tréguier et al. 2014). This is expected to be a problem with non-vertebrate taxa in

general, but in addition to the octopus study mentioned above, encouraging results have been

achieved elsewhere from insects, molluscs and crustaceans. For example, (Mächler et al. 2014),

successfully detected five of six targeted macroinvertebrates (Ancylus fluviatilis, Asellus aquaticus,

Baetis buceratus, Cragonyx pseudogracilis and Gammarus pulex) in river and lake systems using

standard PCR. eDNA results showed medium to very high consistency with data from conventional

kick sampling that was carried out at the same time (Mächler et al. 2014).

Targeted eDNA assays have largely focussed on animals, but progress is starting to be made for plants.

(Scriver et al. 2015) developed standard PCR assays for ten aquatic invasive plants from eight families

and demonstrated that plant DNA can be amplified from water samples. Matsuhashi et al. (2016) have

reported very encouraging results from laboratory and field observations for the plant species Hydrilla

verticillata and Egeria densa which indicate that eDNA analysis can be used successfully for

distribution surveys and has the potential to estimate the biomass of aquatic plants. Nevertheless, an

outstanding probable difficulty with eDNA applications to plants is the production of pollen by

anemophilous plant species which can be blown over long distances away from the plant, thus

spreading its DNA over large areas. Sampling during specific pollen-free periods might reduce this

problem, although little is known about the longevity of DNA in pollen which could defeat such

measures.

Similarly, for eDNA monitoring, there has been a major focus on aquatic over terrestrial systems.

However eDNA from saliva has been recovered from twigs after browsing by moose (Alces alces); roe

deer (Capreolus capreolus); fallow deer (Cervus dama); red deer (Cervus elaphus) (Nichols et al. 2012).

In this study, which used standard PCR assays, amplification success reached 75% and DNA was

detectable up to 24 weeks after browsing (Nichols et al. 2012). Sampling water bodies is another way

of monitoring terrestrial species, since organisms may use a water body for drinking or access, or eDNA

is leached into the water from the surrounding environment. The idea that drinking water from
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watering holes can be used for detection of terrestrial species has been successfully tested using

standard PCR in a pilot study on coyotes (Canis latrans) at a captive facility (Rodgers & Mock 2015),

but whether this idea will be widely informative and useful needs further research.

Comparison of standard PCR and qPCR for species detection

Although standard PCR is often reported to be less sensitive than quantitative PCR to detect a target

template at low concentrations (see below), studies that have evaluated the detection rate of

standard PCR have provided quite encouraging results. Jerde et al. (2011) for example, determined

that silver carp (H. molitrix) DNA could be detected by standard PCR from just seven copies of the

target DNA per microlitre. A multiplex approach was used to evaluate detection of browsing ungulates

from eDNA on twigs, in order to investigate herbivore diet and browsing behaviour (Nichols et al.

2012). Species-specific standard PCR assays were designed for moose (Alces alces); Roe deer

(Capreolus capreolus); fallow deer (Capreolus dama); and red deer (Cervus elaphus). The study found

100% amplification success when samples were processed straight after sampling, and PCR

amplification was successful with as little as 0.002 ng/μl starting DNA concentration (Nichols et al.

2012). In a rigorous test of detection rates for two macroinvertebrate species (Cragonyx pseudogracilis

and Baetis buceratus), Mächler et al. (2014) observed that target DNA could be detected at starting

concentrations as low as 10-5 ng/μl.   Similarly, limits of detection were in the region of 4.6x10-4ng/ul

to 3x10-42ng/ul for four invasive fish species (Lepomis gibbosus, Leucaspius delineatus, Pimephales

promelas and Pseudorasbora parva, (Davison et al. 2016). For many applications, this level of

sensitivity will most likely be sufficient, but the detection rates of standard PCR can, if required, be

potentially improved by performing a second round of ‘nested’ or ‘pseudonested’ PCR. In nested PCR,

a second pair of species-specific oligonucleotide primers are designed that are internal to the original

primer pair. In pseudo-nested PCR, one internal primer is used together with one of the original

primers. PCR product from the first reaction is used as template DNA for the nested or pseudo-nested

reaction. There is evidence that this second PCR step can improve detection rates. For example, in a

comparison of eDNA assays for detection of freshwater pearl mussels (Margaritifera margaritifera),

visible PCR products could be detected from 0.1 ng starting template DNA with standard PCR, but

down to 10-4 ng with nested PCR (Stoeckle et al. 2015). In field trials of the same assay, the nested

PCR detected M. margaritifera from 2 L water samples collected 25 m downstream of mussel

populations (Stoeckle et al. 2015). Pseudo-nested assays have produced similar results. For example,

in experiments to test the limits of detection of Fusarium oxysporum (the fungal agent of cucumber

wilt) in environmental samples, standard PCR could detect 0.01 ng of template DNA, whereas pseudo-

PCR could detect as little as 10-4 ng (Scarlett et al. 2013). However there is a downside to the increased

sensitivity of nested and pseudo-nested PCRs: the use of PCR product as template DNA in a second

reaction presents great challenges for avoiding contamination, which is a very real concern in eDNA

studies.

Few studies have directly compared the performance of standard PCR and qPCR for species detection,

however in a recent study on invasive zebra and quagga mussels (Dreissena polymorpha and D.

rostriformis bugensis, respectively) efficacy of standard and qPCR detection methods were compared

from laboratory, lake and river samples and standard PCR was found to be not only cheaper and

simpler, but also more robust and less prone to false positives or false negatives than qPCR (De

Ventura et al. 2017). Standard PCR also worked better than dye-based qPCR for detection of 10 species

of sea turtle, which may reflect increased sensitivity to PCR inhibitors with qPCR (Davy et al. 2015).
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More direct comparisons between methods are needed to determine whether this is more widely

seen.

The cucumber wilt study mentioned above is one of the very few to have directly compared the limits

of detection (LoD) for different approaches. qPCR with an intercalating dye was able to detect F.

oxysporum with >800 fold greater sensitivity (0.0118 fg) than even pseudo-nested PCR (Scarlett et al.

2013). A small meta-analysis of the studies that report LoD for standard PCR and probe-based qPCR

assays was performed to compare the limits of detection more broadly. Data were available for 12

standard assays and 22 probe-based qPCR assays. Limits of detection ranged from 0.0000118 to 6 pg

for qPCR and 0.001-190 pg for standard PCR, with corresponding means of 0.709 pg and 25.636 pg

respectively, and this difference is statistically significant (unpaired t test, t = 2.221, d =32, P < 0.05).

The standard deviation was much higher for standard compared to qPCR (53.298 versus 1.369)

indicating LoD scores for qPCR are much more consistent. Fewer studies have used dye-based assays

for eDNA, and of those that have, fewer still report LoD score. However in a comparison of

intercalating dye (SYBR Green) and probe (Taqman) based approaches for the detection of chytrid

fungus, Batrachochytrium dendrobatidis, (Kirshtein et al. 2007) found identical limits of detection

(0.06 zoospores, equivalent to 10 copies of the target sequence) and a significant, positive relationship

between quantitative estimates from the two approaches. In field studies, the SYBR Green method

outperformed Taqman in terms of the number of positive detections. In this case, the difference was

hypothesized to be due to a difference in the sensitivity of the two approaches to PCR inhibition

(Kirshtein et al. 2007). Probe-based assays can be more sensitive to inhibition and therefore DNA

purity is critical. However generally speaking, amplification with dye-based but not probe-based qPCR

could result from greater opportunity for false positives (from cross amplification) with the former.

To our knowledge, only one study has so far compared standard PCR, qPCR and ddPCR for species

detection from environmental samples. The three methods were compared directly for their ability to

detect round goby (Neogobius melanostomus) in controlled mesocosm experiments (Nathan et al.

2014). Water samples were collected from tanks with goby density varying from low, to medium to

high, over eight time points ranging from 30 minutes to 24 hours after introduction of the fish (Nathan

et al. 2014). Round goby DNA was detected in all samples using standard PCR, qPCR or ddPCR,

demonstrating that the methods were comparable for presence-absence detection in this case.

In summary, even standard PCR assays, which are less sensitive than qPCR or ddPCR, have been

repeatedly shown to outperform established survey methods in terms of detection sensitivity (e.g.

(Ficetola et al. 2008)). Although the most sensitive methods are often desirable for monitoring

purposes, there is often a trade-off between high sensitivity and false positives, and for some

applications, standard PCR, which is cheaper, less technically challenging and in some cases less prone

to false positives (Stoeckle et al. 2015), can be more suitable than qPCR or ddPCR. qPCR is preferable

for detecting species that are rare or in environments where eDNA concentration is low but may be

more sensitive than standard PCR to PCR inhibitors that may be present in environmental samples,

which could lead to false negatives. Probe-based qPCR approaches have the benefit of higher

specificity than dye-based qPCR, but from the limited data available, limits of detection are similar.

Standard PCR requires less specialist equipment, reagents and training than qPCR, does not require

laborious construction of standard curves, and is generally cheaper. One study estimated that

reagents and consumables for standard PCR are 1.5-2 fold lower than for qPCR, while standard PCR
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machines are 4x cheaper than those for qPCR (Davison et al. 2016). Below, we compare the relative

merits of ddPCR and qPCR, with a focus on abundance estimation.

5.1.3. Estimating abundance

One of the most important questions currently being tackled is whether eDNA methods can go beyond

describing simple presence-absence and reliably be used for estimating abundance or biomass. qPCR

by definition is quantitative and several studies have reported a positive but not necessarily linear

relationship between biomass or organism density and eDNA concentration. For example Thomsen,

et al. (2012a) found a significant correlation between the average number of DNA molecules

(estimated by probe-based qPCR) and the estimated population size (density) of great crested newts

or spadefoot toads (Pelobates fuscus) in natural ponds. In mesocosm studies of the same species,

eDNA concentration was strongly related to the number of individuals in the tank, and the length of

time the animals had been in the mesocosm (Thomsen, et al. 2012a). The concentration of eDNA

dropped dramatically once the animals were removed from the tanks, and was no longer detected by

day 14 post removal (Thomsen, et al. 2012a). Similarly, Takahara et al. (2012) found that concentration

of eDNA (again via probe-based qPCR) was positively correlated with common carp biomass in both

aquaria and experimental ponds. Goldberg et al. (2013) also reported a significant relationship

between population density of New Zealand mudsnails (Potamapyrgus antipodarum) and eDNA

concentration in aquaria.

Applying eDNA for quantitative estimates is obviously likely to be more challenging in larger wetlands

and in running rather than standing water bodies. Encouragingly, eDNA concentration was found to

be positively associated with density, biomass, and proportion of transects occupied for Rocky

Mountain tailed frogs (Ascaphus montanus) and Idaho giant salamanders (Dicamptodon aterrimus) in

natural streams (Pilliod et al. 2013b). In this example, proportion of transects occupied was the best

predictor of eDNA concentration, followed by density and biomass. In a recent pioneering use of the

approach, Bylemans et al. (2016) successfully used qPCR to monitor changes in nuclear and

mitochondrial eDNA concentrations over time and thus to monitor spawning activity of the

endangered Macquarie perch (Macquaria australasica) in Australia.

Results from other studies demonstrate that relationships between organism abundance and eDNA

concentration are not always confirmed or straightforward. No clear correlation was found between

eDNA concentration and number of great crested newts in ponds (Biggs et al. 2015) or hellbender

salemander (Cryptobranchus alleganiensis) in lotic environments (Spear et al. 2015). In the hellbender

study, this could be because the field surveys underestimate the true numbers, or that the eDNA

estimate was influenced by individuals upstream of the sample site (Spear et al. 2015). Abundance

estimates are likely influenced by a multitude of properties of the organism and environment (see

section 3.2.2). Thomsen, et al. (2012b); Takahara et al. (2012); Pilliod et al. (2013b); Klymus et al.

(2015); Goldberg et al. (2013), for example, performed controlled experiments in aquaria with bighead

and silver carp and found that the amount of eDNA increased linearly with fish biomass but that

quantification of eDNA samples was highly variable even when sampling the same individual under

controlled conditions. In this case, feeding behaviour (but not water temperature) altered the rate of

eDNA production. Feeding increases metabolism leading to higher faecal and eDNA production.

Buxton et al. (2017) found considerable seasonal variation of eDNA abundance in experimental great

crested newt ponds suggesting that the level of activity and reproductive stage contribute to this



38

variation. Environmental conditions such as temperature, water chemistry and exposure to UV could

also influence eDNA abundance estimates. For example, in one experiment, fish released more eDNA

in warm water than in cold water and eDNA concentration better reflected fish abundance/biomass

at higher temperature (Lacoursiere-Roussel et al. 2016). Spatial and temporal variability in eDNA

concentration could have a large impact on our ability to make quantitative inferences with eDNA.

Sampling in proximity to an organism or at a time of day when the organism is more active, could

result in higher abundance estimates than sampling further away or when the organism is at rest.

However, (Pilliod et al. 2013b) found no effect of time of day, distance from target animals or sample

location within a stream on concentration of tailed frog or giant salamander eDNA Herder et al. (2014)

reviewed the power of many eDNA studies for abundance estimation and suggested that varying rates

of eDNA persistence (see below) together with dilution, inhibition and other factors were responsible

for this poor performance, but suggested that when sampling is performed in similar water types, at

the same time of the year, and using the same methods and personnel, it is likely that relative

differences in densities can be detected using target approaches.

Finally, in addition to improving the quantification of presence/absence performance, site occupancy

also offers an opportunity to improve estimates of abundance (MacKenzie et al. 2002). Site occupancy

is the proportion of an area occupied by a species and is commonly used in standard ecological

monitoring of populations (MacKenzie et al., 2002). Although site occupancy is obviously different to

species abundance, the two measures are positively correlated (MacKenzie & Nichols, 2004), so site

occupancy can in principle be considered a proxy for abundance. Site occupancy was recently used by

Hänfling et al. 2016 to investigate the spatial distribution of eDNA records of fish in Lake Windermere.

A consistent, significant negative relationship was found between site occupancy and long term rank,

indicating that occupancy is promising for estimating relative abundance. However the approach used

by Hänfling et al. 2016 could be improved by incorporating temporal data and carrying out full site

occupancy modelling (SOM), which requires temporal replication to estimate the detection probability

and the true proportion of occupied sites (MacKenzie et al. 2002). Several recent papers have indeed

advocated the use of site occupancy modelling for eDNA surveys (Pilliod et al., 2013; Schmidt et al.,

2013; Ficetola et al., 2014). SOMs account for imperfect detection (an inherent feature of eDNA

studies) and can be used to obtain more reliable estimates of species prevalence, estimate detection

probability, determine the number of samples and site visits needed to obtain a high probability of

detection (Kéry & Schmidt, 2008; Pilliod et al., 2013; Schmidt et al., 2013; Ficetola et al., 2014) and

test for the effects of site characteristics, such as animal density, on detection probability (MacKenzie

et al., 2002; Kéry & Schmidt, 2008; Pilliod et al., 2013; Schmidt et al., 2013; Ficetola et al., 2014).

Incorporating site occupancy modelling as routine into eDNA surveys could therefore lead to major

improvements in the method.

To summarize, theoretically, eDNA concentration, as measured with qPCR or ddPCR, should be

representative of an organism’s abundance. This has been demonstrated on several occasions in

experimental systems, and in some natural settings for fish, amphibians and molluscs. However the

number of environmental factors and behavioural and physiological traits of individual organisms may

confound interpretation of eDNA abundance data. Therefore reliable inference of absolute species

abundance from eDNA concentration estimates seems currently beyond the reach of targeted eDNA

approaches as this would require additional research and intensive calibration on a case-by-case basis.

On the other hand it seems feasible to provide relative abundance estimates with certain constraints

(e.g. comparing samples taken within a narrow time window), especially form spatial data rather than
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eDNA concentrations. Below, we evaluate the relative merits of qPCR and ddPCR for estimating

abundance and/or biomass from eDNA.

Comparison of qPCR and ddPCR for abundance estimation

In the direct comparison of ddPCR and probe-based qPCR for detecting round goby mentioned above,

both methods were able to detect increases in eDNA concentration over time and according to goby

density (Nathan et al. 2014). Variability in DNA concentration between sample replicates was lower

with ddPCR than with qPCR, suggesting quantification with the former method is more consistent

(Nathan et al. 2014). Overall there was no statistical difference between platforms in terms of eDNA

concentration estimates, however 9/24 point estimates differed from an expected 1:1 ratio and there

was a tendency for these differences to be greater at low fish densities, indicating the platforms may

differ in their results at low target DNA concentrations (Nathan et al. 2014). Other work has suggested

that ddPCR may be better suited for the detection of low concentration DNA since each ddPCR result

is based on essentially thousands of reactions as opposed to a single qPCR reaction, and it is not reliant

on calibration curves, which can be inaccurate at low concentrations (Mahon et al. 2010).

As mentioned above, a disadvantage of qPCR for eDNA studies is the assumption that DNA

quantification is not affected by presence of substances that inhibit PCR. This problem has been

addressed to some extent by the development of specialised qPCR reagent chemistry, TaqMan

Environmental Mastermix (EMM, Life Technologies), which has been demonstrated as more tolerant

to high concentrations of PCR inhibiting chemicals in field-collected samples than other qPCR assay

reagents (e.g. TaqMan Gene Expression Master Mix, GEMM, Life Technologies) (Doi, Takahara, et al.

2015). ddPCR may avoid these issues because the inhibitor molecules (as well as the target DNA) are

dispersed over thousands of small-volume reactions rather than in single reaction volumes (Doi,

Takahara, et al. 2015). Hoshino & Inagaki (2012) investigated the effect of increasing humic acid (a

known PCR inhibitor) concentration on the accuracy of qPCR and ddPCR for DNA quantification of

samples of soil and marine subsurface sediment. Copy number estimated from qPCR decreased with

increasing concentration of humic acid, and estimated copy number was 20% of the actual value at

concentrations of 5.6 ng/ul and 1/4400 of the actual value at concentrations >6.58 ng/ul. qPCR was

completely inhibited at concentrations >8.4 ng/ul. ddPCR, by contrast, was not affected by increasing

humic acid concentration up to 9.34 ng/ul, suggesting that ddPCR may be more reliable than qPCR

when PCR inhibitors are present, particularly when the starting concentration of DNA is low so that

inhibition cannot be overcome with dilution. Doi, Takahara, et al. (2015) compared performance of

qPCR (both Taqman Gene Expression Master Mix, GEMM; and Environmental Master Mix, EMM) and

ddPCR for detection of invasive bluegill sunfish (Lepomis macrochirus) in natural ponds. Limits of

detection (1 copy per reaction) were not significantly different between methods, but ddPCR had

higher detection rates than either qPCR assay at low DNA concentrations, and conversely lower

detection rates at moderate concentrations (Doi, Takahara, et al. 2015). DNA spiking experiments

confirmed the greater influence of PCR inhibitors on qPCR than ddPCR (and on GEMM assays

compared to EMM assays) (Doi, Takahara, et al. 2015). ddPCR was also found to have higher detection

rates than qPCR due to higher sensitivity and dilution of inhibitors in grass carp (Ctenopharyngdon

idella) eDNA surveys (Hunter et al. 2017).

ddPCR and qPCR (TaqMan GEMM) have been rigorously compared in mesocosm experiments for

estimation of common carp abundance and biomass (Doi, Uchii, et al. 2015). A significant, positive
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correlation was found between eDNA concentration estimated from both methods, but as shown

previously, variance between replicates was lower for ddPCR than for qPCR (Doi, Uchii, et al. 2015).

There was also a significant correlation between carp abundance (or biomass) and eDNA

concentration estimated via both methods, but the correlation was slightly better for ddPCR, leading

the authors to conclude that ddPCR is more efficient than qPCR for accurately estimating fish

abundance/biomass, particularly at low concentrations of eDNA (Doi, Uchii, et al. 2015).

Finally, there have been some contradictory estimates of time and costs associated with qPCR and

ddPCR. Nathan et al. (2014) considered the time and cost of qPCR versus ddPCR in their experiments.

Sample processing time (i.e. from DNA extraction to data collection) was two hours per sample for

ddPCR compared to 3.5 hours per sample for qPCR. ddPCR was also half the cost of qPCR (US$4.02

compared to US$8.87 per sample) in this study. Primer and probe costs are the same for qPCR and

ddPCR, but the main price difference is the cost of the specialist PCR master mix (TaqMan Gene

Expression Master Mix, Life Technologies; and ddPCR Supermix, BioRad respectively), which is 2.5x

higher for qPCR. The cost of standard PCR in the same study was similar to that for ddPCR (US$4.27),

presumably reflecting the cost of the additional gel electrophoresis step. In contrast, another time and

cost comparison reported >3.5 fold higher costs (excluding equipment costs) and 2.4 fold higher time

for ddPCR over qPCR (Doi, Uchii, et al. 2015) demonstrating the difference in estimates between labs.

To summarize, although in its infancy, ddPCR has important advantages over qPCR for studies that

require quantitative estimates of target species: 1) it does not require standard curve production (and

associated costs, time and potential for user error), 2) it is more repeatable (there is less variance

between replicates of the same sample), which may justify reducing the number of replicates needed

for confident scoring of results, and 3) it may be less sensitive to PCR inhibitors present in

environmental samples than qPCR (Hoshino & Inagaki 2012). However, qPCR is standard in many

laboratories whereas few are so far set up for ddPCR, and at present, qPCR remains the gold standard

for targeted eDNA studies, when quantitative information is required.

5.1.4. Potential use of ON technologies

Although not yet applied for targeted monitoring of biodiversity, there is great promise for ON

technologies since the approach has already proven rapid and effective for identifying pathogen

outbreaks in the field (Greninger et al. 2015; Quick et al. 2016). The protocol developed by Quick et

al. 2017 for example, involves multiplex PCR for targeted enrichment of Zika virus genomes and has

been applied to monitor the spread of the virus in the Americas. A similar approach could be employed

for early detection of priority INNS, with the main advantages of this technology being the portability

(it is suitable for use in field applications even where internet connection is limited) and the

opportunity for rapid results i.e. within 24 hours (Votintseva et al. 2017).

In summary, targeted approaches are powerful, sensitive, have the ability to provide quantitative

information and have been routinely demonstrated to outperform established surveys for detection.

The main drawback is that they by definition focus on single species. In the case of INNS monitoring,

this can be a considerable disadvantage as the may miss non-target INNS present in the sample. Non-

targeted or whole community analyses, sometimes referred to as “passive detection” methods,

therefore offer considerably greater promise for assessments of general biodiversity, as discussed

below.
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5.2. Monitoring communities

5.2.1. Introduction

Once the bioinformatics challenges of DNA metabarcoding had been understood and overcome as

described by Coissac et al. (2012), it became possible, at least in principle, to survey entire

communities using HTS approaches in an unprecedented manner and thus potentially shift the focus

away from a small number of indicator species. In contrast to targeted approaches development of

HTS based community monitoring has focused on both eDNA and direct DNA sources. As outlined in

section 4.2. community based approaches include metabarcoding and true metagenomics although

this distinction was only clearly defined in by Pompanon et al. (2012). A World of Science literature

research (23 June 2017) excluding references to microbial keywords revealed 253 publications for the

term metabarcoding of which 92 refer to eDNA or environmental DNA. The application of

metagenomics approaches for monitoring communities is currently only in its infancy although the

exact extent of literature on the topic is more difficult to quantify since the term is often used as a

keyword in metabarcoding studies.

Direct (non-PCR) DNA techniques were initially applied to collections of microorganisms (reviewed in

Bik et al. 2012) and meiofauna (Creer et al. 2010) before the approach was extended to macrofauna

such as arthropods (Yu et al. 2012). Early application to environmental samples were largely

concerned with the analysis of gut content and faeces (reviewed in Pompanon et al. 2012) and ancient

DNA in permafrost environments (e.g. Sønstebø et al. 2010). A critical step in the realisation of the

potential for the analysis of contemporary diversity was the demonstration by Andersen et al. (2012)

that eDNA metabarcoding could accurately recover vertebrate diversity from samples of soil collected

from enclosures in safari parks, zoos, and farms. Such eDNA sampled from the soil surface accurately

reflected taxonomic richness and, interestingly, it also reflected relative biomass. The potential of

eDNA metabarcoding to monitor entire aquatic communities was first demonstrated in a small-scale

study by Thomsen, et al. (2012a), showing a high detection probability of endangered vertebrates in

freshwater ponds and rivers, while (Thomsen, et al. 2012b) and have used the technique to

demonstrate that a wide range marine fish could be detected reliably in a single water sample. These

and other early applications of metabarcoding (pre 2014) used a variety of HTS technologies (e.g 454)

but more recent studies have almost exclusively focused on the Illumina MiSeq or HiSeq platforms. To

our knowledge, to date ON technologies have not been applied to field of macrobial community

monitoring. The following sections therefore largely discuss the performance of Illumina data based

studies although key studies using other technologies are also considered. A more comprehensive

review of the pre 2014 literature is provided by Bohmann et al (2014).

Outside of the analysis of microbial communities (bacteria, fungi and microbial eukaryotes), the

number of studies which apply metabarcoding to monitor macrobial communities is still relatively

small compared to the body of literature now available for the application of targeted approaches

(See Section 5.1). Nevertheless the number of applications has increased rapidly since 2016 facilitated

by the broader availability of Illumina MiSeq facilities (Table 3). Progress has been made especially in

the monitoring of aquatic vertebrate communities through eDNA, but metabarcoding of other aquatic

taxa such as phytoplankton (Apothéloz-Perret-Gentil et al. 2017), zooplankton (Brown et al. 2016),

and macroinvertebrates (Bista et al. 2017) through both eDNA and direct DNA approaches has also

produced promising results. Metabarcoding has also been used to characterise terrestrial
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invertebrate communities, such as rainforest arthropods and beetles (Brandon-Mong et al. 2015,

Crampton-Platt et al. 2015), spiders (Emerson et al 2017), springtails (Saitoh et al. 2016) and general

soil invertebrate communities (Fernández et al. 2015). These approaches are usually based on the

destructive sampling of mixed invertebrate communities obtained by trapping or sampling but eDNA

approaches have also been used for example house dust (Madden et al., 2016). Another focal area for

metabarcoding studies is the analysis of marine sediment communities (Aylagas et al. 2016,

Lejzerowicz et al. 2016, Leray et al. 2015, Hollatz et al. 2016, Pawlowski et al 2016), with a particular

focus on understanding the impacts of marine activities such as fish farming. eDNA approaches

targeting entire eukaryotic diversity have been also been used in the marine (O’Donnell et al. 2017,

Port et al. 2017) and freshwater environment (Deiner and Altermatt, 2016). Metabarcoding of plants

has received considerably less attention but the analysis of pollen seems to be a promising avenue for

surveying flowering plants (Sickel et al., 2015, de Vere et al. 2017). Plant metabarcoding studies using

material other than pollen are scarce but a recent studied showed the potential of using standard

barcoding primers to monitor plants through eDNA from soil samples (Fahner et al. 2016).

Table 3: Examples of recent studies using Illumina based metabarcoding of communities from a range

of habitats and DNA source

Target group Sampling
environment

DNA Source Performance Reference

Fish lentic eDNA - water Detection probablity higher than
traditional methods in 89% of the
cases

Valentini et al. 2016

Fish lotic eDNA - water Direct comparison with gill-netting:
eDNA higher detection probability
(75-88% of long-term records). eDNA
correlates significantly with long term
rank

Hänfling et
al.2016a,b
Hänfling et al.2017

Fish lotic, lentic eDNA - water Higher number of species detected
than established methods in rivers
(comparison with electro-fishing) and
lakes (gill-netting)

Civade et al. 2016

Fish lotic eDNA - water Direct comparison with electro-
fishing. Higher number of species
with eDNA

Olds et al 2016

Fish lotic eDNA - water 82–93% detection rate compared to
long term data

Vences et al. 2016

Fish marine eDNA - water Comparable number of families as
trawling but certain families only
found in eDNA or trawling.
Correlation of relative abundance of
families between methods and
correlation of read counts and catch
data for two species

Thomsen et al.,
2016

Fish marine eDNA - water More species than long-term visual
census data. Detection probability of
62.5%. Certain species detected only
on visual survey

Yamamoto et al.,
2017

Fish marine eDNA - water High detection rate of species
compared to long-term data (83%
common species and 37% of rare
species, good correspondence with
seasonal and habitat preference

Stoeckle et al. 2017

Amphibians lentic eDNA - water only potential of detection highlighted Hänfling et al.2016
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Amphibians lentic eDNA - water Detection probabilities always higher
than traditional surveys, almost
100% compared to long-term data
sets

Valentini et al. 2016

Amphibians lentic eDNA - water All frog species know from the area
detected. More common species =
more sequence reads

Lopes et al., 2017

Birds lentic eDNA - water only potential of detection highlighted Hänfling et al.2016

Mammals
(terrestrial)

lentic eDNA - water only potential of detection highlighted Hänfling et al.2016

vertebrates
(fish, marine
mammals, birds

marine eDNA - water Concordance with visual surveys,
distinct eDNA communities on a
spatial scale of 60m, false negative
rate 1/12

Port et al. 2016

Macroinvertebra
tes

lentic Bulk samples
from kick
sampling

DNA metabarcoding identified more
than twice the number of taxa than
the morphology-based protocol, and
also yielded a higher taxonomic
resolution

Elbrecht et al. 2017

Mosquitos
(Culicidae)

lentic Bulk samples all species identified, read counts
reflect relative abundance,
additionally pathogen (virus Ross
River virus) detected

Batovska et al.
2017

Chironomids lentic Bulk samples
and eDNA

Overlap between Community eDNA
and morphological assessment but
each method identifies unique taxa,
correlation between diversity indices

Bista et al., 2017

Arthropods terrestrial House dust Good correlation with morphological
data sets, in number of genera, but
often no species level resolution

Madden et al., 2016

Arthropods terrestrial Bulk samples
from tropical
Malaise traps

Detection rates of 80-90%. Results
significantly affected by
bioinformatics approach

Brandon-Mong et
al., 2015

Flowering plants terrestrial pollen from
bees nests

Data correspond to Flower
availability, preference and foraging
strategy of the bee species (Osmia)

Sickel et al., 2015

Flowering plants terrestrial Pollen from
honey

39 plant taxa detected, good
correspondence between phenology
of flowering and detection of plants

de Vere et al. 2017

Vascular plants terrestrial eDNA-soil In silico and in situ comparison of
different markers emphasises the
value of barcoding regions. Large
number of previously recorded taxa
detected plus additional taxa

Fahner et al. 2016

Diatomes freshwater Bulk samples Good correlation between relative
abundance of read counts and tax
counts for the most common species.
Taxonomy free => 95% of OTU's can
be used for index calculation

Apothéloz-Perret-
Gentil et al. 2017

Meiofauna marine sediment MOTU diversity index shows good
correlation with macrofaunal based
indices

Pawlowski et al
2016

Eukaryotes marine sediment MOTU based diversity analysis
reflects spatial differentiation

Guardiola et al
2015, 2016

Eukaryotes marine eDNA-water Little overlap between data sets of
different markers and with trawling
surveys

Port et al. 2017



44

Eukaryotes marine eDNA-water Spatial analysis shows that MOTU
based community similarity
decreases with distance

O'Donnell et al.
2017

Eukaryotes lotic eDNA - water Taxa from 294 families detected.
Rivers act as conveyor belts of
information and integrate diversity
over large geographical scale –
catchment scale monitoring

Deiner and
Altermatt 2016

5.2.2. Performance for species detection

5.2.2.1. Metabarcoding

The power of metabarcoding approaches to detect certain target species depends not only on the

presence of target DNA in the sample and a suitable resolution of the molecular assay (i.e. the ability

to distinguish taxa, see section 4.2.1.1.) but to a large degree on the quality and comprehension of

available reference databases (Thomsen & Willerslev 2015). Errors and gaps in the reference database

can lead to misassignment, assignment to higher taxonomic levels or inability to assign sequences to

any taxonomic unit. Careful curation of the reference database is therefore essential for successful

metabarcoding studies. This is undoubtedly easier when target communities are well studied and/or

of relatively low diversity such as vertebrates but becomes an increasingly difficult task when the

taxonomic range is broad and community composition not known (e.g. deep sea meiofauna). Recent

studies have therefore been advocating taxonomy free metabarcoding for certain biomonitoring

applications where operational taxonomic units (MOTUs) are given an ecological eigenvalue without

being assigned known species (Apothéloz-Perret-Gentil et al. 2017). Nevertheless the quality of

available reference data has played a crucial role in the fast development of aquatic vertebrate

monitoring through eDNA metabarcoding.

Without exception all studies targeting fish and amphibian communities have shown higher or equal

detection rates of species compared to established non-genetic methods, when such a comparison

was possible. For example Hänfling et al. (2016a) detected all but two of the 16 fish species ever

recorded from the large lake of Windermere including some rare and very infrequently detected

species, whereas gill netting surveys could only detect four to five of the most common species. In

addition to the fish community the study detected a wide range of species directly associated with

aquatic habitats including mammals such as Eurasian otter and birds including moorhen (Gallinula

chloropus), great cormorant (Phalacrocorax carbo) and various duck and geese species occurring

locally. The detected species list also included many other vertebrate species potentially occurring in

the wider catchment area including domesticated farm animals such as cow (Bos taurus), sheep (Ovis

aries) and chicken (Gallus gallus domesticus) and wild vertebrates such as red deer, red squirrel

(Sciurus vulgaris), red fox (Vulpes vulpes) and tawny owl (Strix aluco). This indicates that aquatic eDNA

might also be useful for the monitoring of terrestrial organisms, but the sensitivity and repeatability

of such an approach needs to be rigorously tested. Expanding the approach to include flowing water

as well as lake habitats, (Civade et al. 2016) also used eDNA metabarcoding in a large-scale fish

biodiversity assessment. They found that eDNA metabarcoding is more efficient than a single

traditional sampling campaign to detect species presence, especially in rivers, and that the species list

obtained using this approach is comparable to the one obtained when cumulating all traditional

sampling sessions since 1995 and 1988 for the lake and the river, respectively.
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Temperate freshwater fish and amphibian communities are typically of modest diversity but a similarly

impressive performance of the eDNA approach has also been demonstrated for fish in marine

conditions where species diversity is higher and environmental dynamics are more complex. A study

by (Yamamoto et al. 2017) detected a higher number of fish species with eDNA compared to a parallel

visual survey in the highly diverse coastal waters of Japan, and(Thomsen et al. 2016) found a

comparable number of fish families in eDNA compared to trawl catches of subarctic, deepwater fishes.

However in those cases certain taxa were only identified in one of the two sampling methodologies.

A substantial number of studies have used DNA-based methods to monitor communities of freshwater

macroinvertebrates both using direct DNA and eDNA approaches. Generally the number of species

detected in these studies is larger than through morphological analysis and importantly the taxonomic

resolution is higher often allowing species level assignment in groups which could feasibly only be

assigned to genera or family level using established methods. In a recent example (Elbrecht et al. 2017)

used eDNA metabarcoding to describe macroinvertebrate communities in streams across Finland

which were also sampled for visual taxonomic analysis as part of a national monitoring programme.

The eDNA metabarcoding identified more than twice the number of taxa recorded by the established

morphology-based protocol and also yielded higher taxonomic resolution. Similarly, (Bista et al. 2017)

identified more taxa of Chironomidae in an annual time series of lake eDNA samples using

metabarcoding compared to morphological analysis. Both studies found that certain taxonomic

groups were only identified with either eDNA, direct DNA or morphological analysis respectively. This

problem is most likely caused by a combination of PCR bias, variation in DNA shedding rates and

ecological preferences of different taxa, factors which are expected to increase with increasing

diversity and taxonomic depth of the target fauna. Such biases are therefore even more pronounced

in studies across metazoa or eucaryotes. For example (Port et al. 2016) surveyed eucaryotic diversity

based on eDNA metabarcoding using three different genetic markers and a trawl survey and found

little taxonomic overlap among the data sets. This indicates that these different methods record

different complementary aspects of the ecosystem. Nevertheless the number of taxa such surveys can

reveal is larger than would be feasible for a morphologically based assessment. For example based on

sediment eDNA from deep sea canyons (Guardiola et al. 2015) and (Guardiola et al. 2016) identified

1,659 Molecular Operational Taxonomic Units (MOTUs) from 20 deep sea locations and 5,569 MOTUs

from 15 locations across two seasons respectively. Despite the drawbacks of a potentially strong taxon

specific bias further analysis of beta-diversity revealed that these data sets contained ecologically

meaningful information. This is further demonstrated in a study of the spatial distribution of metazoan

eDNA in a nearshore marine habitat in Puget Sound, Washington, USA, recently reported by

(O’Donnell et al. 2017). Evidence was found for multiple, discrete eDNA communities which decreased

in similarity with increasing distance apart. Offshore communities tended to be richer but less even

than those inshore..

In contrast to the above impressive performances with animal communities, metabarcoding studies

in plants have so far had mixed success. Metabarcoding of pollen collected by bees has provided a

powerful and cost-effective tool to identify flowering plants visited by pollinators. (Sickel et al. 2015)

could identify 50% of the document plants in close proximity (<50m) of mining bees nests. The data

were also consistent with the foraging preferences of two different mining bee species. Similarly, (de

Vere et al. 2017) identified a total of 39 plant genera using plant eDNA in honey to reconstruct feeding

preferences of honeybees. Plant identification from soil and sediment through metabarcoding has

principally been successful but the long persistence times of eDNA in these substrates combined with
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vertical DNA leaching have meant that the temporal origin of these records was uncertain or has been

attributed to ancient deposition (Giguet-Covex et al. 2014; Willerslev et al. 2014).

5.2.2.2. Metagenomics

The use of PCR free metagenomics approaches for monitoring communities was proposed by Zhou et

al. (2013). Metagenomic sequencing, also called ’shotgun sequencing‘ involves the random

fragmentation and subsequent sequencing of all genes in a sample. Despite the appealing

characteristics of avoiding the potentially biasing PCR step the approach still has problems and

presents a number of bioinformatic challenges. Since the vast majority of species have not had their

genomes sequenced and made available in public databases, metagenomic studies have focussed on

mitochondrial DNA, due to the fact that mitochondrial genes are better represented in databases and

mitochondria are multi-copy, enhancing detectability. This mitochondrial metagenomics (also called

mito-metagenomics) targets the mitochondrial fraction of bulk specimen sequencing. A technical

review of this method is provided by Crampton-Platt et al (2016). Despite their relatively high copy

number, mitochondrial DNA still makes up a small proportion of total DNA and previous studies have

reported that only between 0.5% to 1.4% of sequence reads from shotgun sequencing can be

attributed to mitochondrial DNA fragments (Tang et al. 2014, Crampton-Platt et al. 2015). The

application of this method is still in its infancy and so far has been limited largely to proof-of-concept

studies with variable success. For example (Paula et al. 2016) aimed to investigate trophic interactions

in an agricultural ecosystem by unenriched shotgun metagenomics of arthropod gut content on an

Illumina MiSeq. They found that only 15 to 239 reads out of 2 million could be assigned to species

other than the predator. Nevertheless, Crampton-Platt et al. (2015) successfully identified 175 species

of beetles using a mito-metogenomic approach from pooled individual DNA extracts of beetles

collected from a rainforest canopy demonstrating that some of the bioinformatics problems can be

overcome. Irrespective of such successful species identification mito-metagenomic approaches lack

efficiency due to the low quantity of target reads. As a result, a number of enrichment strategies have

been performed including physically separating mitochondria by centrifugation (Zhou et al. 2013) or

gene capture chips (Liu et al. 2016) to increase the proportion of mitochondrial sequences but these

approaches also have inherent limitations. Centrifugation protocols require high quality DNA from live

tissue and are not appropriate for degraded DNA from preserved or environmental samples since they

rely on the presence complete mitochondria. This method therefore excludes the use of most typical

samples collected during monitoring activities. Capture chips are based on sequence information and

therefore potentially sensitive to similar biases as PCR based methods. Due to these limitations such

approaches have so far largely been used in phylogenetic studies (e.g. Guschanski et al. 2013). ON -

technologies have the potential to increase the power of such approaches through significantly higher

read length (see Table 2) but are ultimately subjected to the same constraints regarding the lack of

data base coverage. However it is possible that the technology itself will speed up reference data base

generation significantly. In summary although it appears this approach is not currently sufficiently

developed to be deployed as a biomonitoring tool this situation needs to be reevaluated on a regular

basis given the extremely fast progress in the field.

5.2.3. Estimating abundance

Estimating abundance using eDNA metabarcoding is conceptually even more complex than using the

single species approach since additional biases can occur in a metabarcoding workflow compared to
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a targeted approach (Pompanon et al. 2012). These include PCR competition among templates from

different taxa, unequal representation of individual samples in the sequencing library, and sequencing

stochasticity. Given these constraints the estimation of true abundance from metabarcoding

sequencing reads appears to be beyond the realm of possibility. However, a number of studies from

mesocosms and natural environments indicate that metabarcoding data contain information on the

relative abundance of taxa. (Kelly et al. 2014) show a positive correlation between sequence reads of

12 species from Monterey Bay Aquarium and their biomass and (Evans et al. 2015) also found a

modest relationship for experimental communities of eight fish and one amphibian species.

A study by (Hänfling et al. 2016a) further demonstrated that eDNA based metabarcoding of natural

fish communities can produce relative abundances estimates which were consistent with the fish

community composition already known through extensive netting and other sampling activities.

Moreover, the precision of the community composition revealed by eDNA metabarcoding was also

able to reveal differences in species composition between the lake’s two basins, which were

consistent with their differing trophic status as described for example by (Winfield et al. 2008). The

study demonstrated that sequence read counts as well as the spatial abundance measured as site

occupancy (SO) correlate with rank abundance when averaged across tens of samples. The latter

correlation was in fact stronger, indicating that site occupancy could be a more appropriate surrogate

for relative abundance than the number of sequence reads as suggested by (MacKenzie & Nichols

2004) for traditional biomonitoring approaches.

Correlations between relative abundance estimates eDNA and other sources have also been reported

from a number of other studies. In the lower Hudson River estuary, USA, by (Stoeckle et al. 2017) were

able to detect the seasonal abundance eDNA sequence reads from a range of fish species, which

corresponded to patterns previously recorded using traditional survey techniques.

The Finnish stream macroinvertebrate survey of (Elbrecht et al. 2017) discussed above in terms of its

community composition performance also explored the potential of eDNA metabarcoding for the

estimation of abundance. Sequence read abundance and the number of specimens per taxon, taken

as a proxy for biomass, were found to be significantly correlated in each sample, although the

observed relationships were statistically weak.

Interestingly, both Jerde et al. (2013) and Herder et al. (2014) have suggested that eDNA

metabarcoding could be coupled with other approaches so, e.g., metabarcoding could be used to

screen a site for rare species, followed by a traditional survey to estimate the number of individuals.
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6. Specific applications relevant to CAMERAS

monitoring activities
The following sections summarise the performance of genetic approaches to broader areas of

monitoring which are relevant to CAMERAS partners as identified through the consultation exercise

carried out in this study and a position statement from the end-users of the UK DNA working group.

6.1. Monitoring endangered species

6.1.1. Introduction

The monitoring of rare and endangered species is a prerequisite to achieve targets of Scotland’s

Biodiversity Route map to 2020 (e.g. priority project 3 “Restoration of Freshwaters” and 9 “Conserving

Priority Species” and to fulfil the obligations of Article 17 of the Habitats directive to report on the

conditions of fauna and flora on a comprehensive geographical extent. Current methods struggle to

deliver data on the scale required. By definition endangered species are often rare and illusive making

direct monitoring methods which rely on observing or catching the target expensive and time

consuming. Indirect ’sight unseen‘ methods are therefore often more efficient making an eDNA

approach especially useful (Thomsen & Willerslev 2015). As with the monitoring of INNS targeted

approaches have been used predominantly in this context and about 25% of the essays designed to

monitor endangered species. In contrast to the monitoring of INNS some measure of abundance is

often required in order to assess the status of an endangered population.

6.1.2. Performance

As with other applications the monitoring of endangered species through eDNA has focused largely

on aquatic habitats and has been applied to marine and freshwater fish, amphibians and aquatic

mammals, molluscs and crustaceans (Appendix 1). In the UK the monitoring of great crested newt has

become a flagship example for the application of eDNA monitoring of threatened species. Detection

rates have been shown to be consistently higher than traditional survey (section 5.1., (Rees, Bishop,

et al. 2014; Biggs et al. 2015)) and the method is now fully operational and routinely applied during

habitat surveys. Biggs et al. (2015) have also demonstrated that eDNA sampling can successfully be

used in citizen science projects, thus providing the opportunity to collect data on an unparalleled scale.

However, this example also demonstrates a problem which occurs when methods are operationalised,

i.e. standardisation is required this approach becomes fixed in time. In the case of great crested newt

monitoring an outdated sampling method based on small volumes of water is used. Furthermore, the

current protocol does not aim to collect quantitative data as only one sample per pond is collected.

This prohibits the use of site occupancy as a proxy for abundance, although direct inference of eDNA

abundance through qPCR (see section 5.1.3) is possible. It has been shown that eDNA concentration

shows considerable seasonal variation and is a poor Indication of great crested newt abundance

(Buxton et al. 2017). However the use of eDNA estimate spatial abundance It is entirely feasible

through site occupancy and predictive habitat modelling, as shown in the case of salamanders (Pitt et

al. 2017). The power of eDNA to generate spatially comprehensive data can also be utilised to gather

other relevant ecological information for the surveillance of endangered species. For example
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seasonal changes in distribution can indicate the extend of feeding and spawning migration of fish e.g.

sturgeon (Pfleger et al. 2016) and Mekong catfish (Bellemain et al. 2016). It has also been possible to

monitor spawning activity because this results in increased eDNA abundance and an increase in the

proportion of nuclear DNA (Bylemans et al. 2016). A further application, just starting to be explored,

is the generation of population genetic information from eDNA data. Sigsgaard et al. (2016) have

shown that meta-barcoding approaches can be used to reliably retrieve mitochondrial haplotype

frequencies of a population. The study successfully used this approach to characterise genetic diversity

of whale shark (Rhincodon typus) populations, which in turns could be used to calculate effective

population size. The power of such approaches could be further increased if nuclear genetic markers

could be retrieved from eDNA and longer fragment of DNA could be analysed. Although this is

currently difficult to achieve with Illumina based sequencing such limitations might in future be

overcome by the application of ON technology. Currently community approaches are rarely used

exclusively for the monitoring of endangered species but the method could be a powerful approach if

a number of target species are to be surveyed in the same habitat or when cryptic or unknown taxa

might be present. For example Keskin et al. (2016) has used eDNA metabarcoding to characterise the

unique fish fauna of Lake Iznik In Turkey. The study identified a number of rare species including new

records for the lake together with the distribution of invasive species. This highlights the potential of

meta-barcoding approaches compared to targeted approaches to obtain more comprehensive

information about the biotic contexts of endangered species providing the opportunity to identify

possible drivers for the decline.

6.2. Monitoring Invasive Non-Native Species

6.2.1. Introduction

With European Union regulation on invasive alien species (INNS) introduced in January 2015, there is

a clear international and national recognition of a pressing need for more effective early warning

systems for invasive species (Schulz & Vedova 2014; European Commission, 2015; Roy et al. 2015).

The monitoring of INNS has also been flagged up as one of the highest priorities by all CAMERAS

partners (see Appendix) and by the end user group of the UK DNA Working Group. Monitoring needs

focus largely on the fast and reliable confirmation of presence/absence, in order to prevent further

spread, direct mitigation strategies and confirm the success of eradication programmes while

quantitative information is considered less essential. eDNA-based techniques are particularly suited

to the monitoring of Invasive Non-Native Species due to their potentially expansive and unrestricted

taxonomic coverage, ability to detect any life stage and detect even at very low species abundance,

and indeed such applications have in large part driven the recent development of the technique in

aquatic habitats. The early detection of INNS was a key driver in the development of targeted eDNA

based approaches and to date almost 50% of the species specific assays were developed for this

purpose (Appendix 1). More recently the potential applications of community based approaches to

INNS has also been explored (e.g. Blackman et al. 2017).

6.2.2. Performance

The remarkable performance of eDNA techniques in the monitoring of Invasive Non-Native Species

has been clearly and extensively demonstrated for bighead and silver carps in North America (Jerde
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et al., 2013) and for American bullfrog in France (Ficetola et al. 2008; Dejean et al. 2012). Both of

these applications have been extremely well reviewed by (Darling & Mahon 2011; Herder et al. 2014;

Lawson Handley 2015) and others and so will not be revisited in detail here. More recently, Tucker et

al. (2016) used a new and very sensitive eDNA assay to gain new insights on the spread of the invasive

fish Eurasian ruffe (Gymnocephalus cernuus) in North America.

Many studies have used DNA-based methods to monitor macroinvertebrate Invasive Non-Native

Species, including both eDNA and direct DNA approaches. Users of eDNA have included Goldberg et

al. (2013) detecting New Zealand mudsnail (Potamopyrgus antipodarum) in North America, Tréguier

et al. (2014) detecting crayfish (Procambarus clarkii) in ponds, Ardura et al. (2015) investigating the

range of an invasive bivalve (Rangia cuneate) in Europe and Dougherty et al. (2016) monitoring rusty

crayfish (Orconectes rusticus) at low abundances in lakes. In addition, a combined eDNA from water

and sediment samples and direct DNA from kick samples approach was recently used by Blackman et

al. (2017) to produce the first detection of the non-native Gammarus fossarum in the UK. The resulting

data demonstrated an extensive geographical coverage of G. fossarum in the UK, spanning distant

river catchments, while subsequent re-examination of historic archive material shows the species to

have been present since at least 1964.

Again in contrast to the above experiences with animal species, and as reviewed by Herder et al.

(2014), the use of eDNA techniques to monitor plant INNS has been considerably less successful. One

probable difficulty with such applications is the production of pollen by anemophilous plant species

which can be blown over long distances away from the plant and thus spread over large areas,

potentially some distance from where the plant actually occurs and potentially even in different water

bodies or catchments. Sampling during specific pollen-free periods might reduce this problem, but

little is known about the longevity of DNA in pollen. If such problems can be overcome, eDNA might

offer a very useful and much needed means of monitoring plant Invasive Non-Native Species in aquatic

environments. This is especially so where many submerged species grow and/or look very similar to

indigenous or other species (e.g. Egeria spp., Hydrilla spp., Lagarosiphon spp., Myriophyllum spp.).

Such species are easily missed or misidentified by traditional monitoring schemes.

Finally, although relevant published studies are still scarce it should also be noted that eDNA

techniques can also be used to evaluate the effects of management actions designed to reduce or

eliminate identified populations of INNS as performed for American bullfrogs by Van Delft & Creemers

(2012).

6.3. Monitoring pathogens

6.3.1 Introduction

The molecular detection of pathogenic microbes (viral, bacterial and eukaryotic) is one of the most

well studied and established applications of molecular biology. Due to the large scope of this area,

detection of the presence and genetic characteristics of disease causing organisms within their host is

outside the scope of this review. Likewise, due to the importance of water as an environment for

disseminating human diseases (waterborne diseases), there is extensive previous literature on this

topic, and we direct the reader to a number of recent reviews for further reading (Tan et al. 2015; Lee

et al. 2016).
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The use of molecular approaches for understanding the presence and dynamics of wildlife diseases by

examining DNA from environmental samples is a more recent development, but is one that has the

potential to significantly improve our understanding of the life-cycles and impact of a wide range of

pathogenic organisms. As infectious diseases have been acknowledged as a significant wildlife

conservation issue (Evensen 2008), there is a need for tools that evaluate the presence and abundance

of pathogens in the field. Moreover, the application of molecular approaches have the potential to

lead to a better understanding of the role of the environment acting as a source, reservoir, and

dispersing agent for pathogenic organisms.

6.3.2. Performance

There are relatively few examples of the use of eDNA to detect disease causing organisms in

environmental samples, and distinction between direct detection of DNA from whole microbes, spores

or other life-stages, as opposed to indirect detection of extra-organismal DNA is not always clear.

Strand et al. (2014) used qPCR to detect the spores of crayfish plague, Aphanomyces astacii, in large

lakes, while Kirshtein et al. (2007) and Hyman & Collins (2012) also used qPCR assays to survey for

spores of the amphibian fungal pathogen Batrachochytrium dendrobatidis in ponds and sediments.

Herder et al. (2014) noted the need to developing this approach for these pathogens and also

supported its application to studies of B. salamandrivorans and Ranavirus. They also recommended

the development of primers to detect these and other pathogens, including the fish parasite

Sphaerotecum destruens and possibly specific viruses. It is also notable that a case study of an

emerging amphibian pathogen contributed to the development of site occupancy models which have

a much wider application in the field of eDNA monitoring (Schmidt et al. 2013). (Huver et al. 2015)

developed a qPCR assay to detect eDNA from the pathogenic trematode Ribeiroia ondatrae, known

to cause high levels of amphibian mortality and malformations. Significantly, in a cost benefit analysis

comparing the existing morphological approach for trematode detection, the eDNA method was half

the cost (Huver et al. 2015). A review of the potential applications of eDNA approaches in parasitology

can be found in (Bass et al. 2015).

6.4. Biomonitoring of indicators

6.4.1. Introduction

The monitoring of the ecological status and health of environments is a key requirement of statutory

monitoring such as the WFD. Taxonomic groups or communities which can be monitored in a

standardised way and contain sentinel species are often used as biological indicators to understand

environmental pressures such as chemical pollution, eutrophication, physical degradation and INNS.

For example freshwater macroinvertebrates have a long proven utility as ‘environmental indicators’

(Metcalfe, 1989) in a freshwater ecosystems and are monitored by a number of CAMERAS members

(see Appendix). Other important indicator groups identified through the consultation exercise and the

UK DNA working group are marine and freshwater plankton, phytoplankton and phytobenthos

(diatoms), marine benthic communities and terrestrial invertebrate communities. However, the

identification of these groups through morphological characteristics is often time-consuming and

difficult. Other important indicator groups are fish in lakes, rivers and estuaries, where current

monitoring strategies are invasive and expensive. Since indicator groups are often species rich,
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targeted approaches are not likely to provide a suitable cost efficient alternative to current

approaches. However, community approaches are highly suitable and can potentially provide a better

taxonomic resolution compared to conventional surveys.

6.4.2. Performance

The examples discussed in section 5.2 cover many of the indicator groups mentioned above. Almost

all studies conclude that the data generated from meta-barcoding contain sufficient information to

generate ecologically meaningful diversity estimates and potentially indicator metrics. In the UK a

meta-barcoding approach to monitor diatoms has been cross validated with data from morphological

analysis and is now close to operationalisation. Similarly, eDNA-based meta-barcoding of lake fish

communities has now been extensively tested and shows consistently high detection rates (Hänfling

et al. 2016a,b, Hänfling et al. 2017). Studies on freshwater macro-invertebrate communities that have

used both the DNA and direct DNA meta-barcoding also show high consistency with traditional

monitoring (Elbrecht et al. 2017). However a number of studies especially across broad taxonomic

scales have shown that datasets derived from morphological assessment and DNA methods, or even

datasets from different DNA markers, can vary considerably. This suggests that different methods

molecular markers are affected by different biases and might provide different but complementary

insights into complex communities. Although, some of these biases can possibly be reduced if the

cause is understood this is not necessarily required to develop DNA-based monitoring tools. As with

other monitoring methods the key for the application of DNA based community monitoring is that the

results are consistent and contain sufficient information to monitor environmental pressures. A

number of diverse case studies have shown that this is the case for eDNA based metabarcoding

methods. For example Hänfling et al. (2016a) have shown that fish communities described through

eDNA accurately reflect the differences in the trophic status of Windermere north and south basin.

Pawlowski et al. (2016) have shown that metabarcoding of benthic meiofauna can be used to assess

the impact of salmon farms, while eDNA deposited by herbivores on twigs could be used to study

deer browsing preferences and differential impact of different species (Nichols et al. 2015; Nichols et

al. 2012). However taking such approaches forward to full operationalisation will require the design

and calibration of appropriate biotic indices and metrics.

6.5. Monitoring species interactions

6.5.1 Introduction

DNA-based methods have been used to monitor species interactions (e.g. predator-prey or parasite-

host relationships) for over 15 years (Symondson 2002), but the ability to detect these cryptic

interactions has increased enormously in recent years. The rapidly growing interest in this area has

been reflected in several reviews (Lawson Handley 2015; Roy & Lawson Handley 2012; Clare 2014;

Pompanon et al. 2012) and a special issue of the journal Molecular Ecology dedicated to molecular

detection of trophic interactions (2014). In addition to the recent surge in power of molecular

methods, this field has also benefited from sophisticated statistical advances which permit the analysis

of structure and robustness of ecological networks ((Lawson Handley 2015; Roy & Lawson Handley

2012). Investigation of species interactions is not currently part of routine monitoring programmes,
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but the recent technological advances discussed in this review offer new opportunities to move

monitoring from describing species distribution or assemblages to understanding how communities

and ecosystems function (Evans et al. 2016). This would be a real sea change in monitoring, allowing

better understanding for example of how environmental stresses or perturbations alter food webs

and potentially impact the provision of ecosystem services. As discussed below, this approach also

provides new opportunities to monitor rare or elusive species as well as the parasite or pathogen

burden of species of interest.

6.5.2. Performance

Detecting rare or elusive species.

A number of invertebrate lineages (particularly within the Arthropoda and Annelida) are parasites,

saprophages or coprophages of vertebrates (Calvignac-Spencer, Leendertz, et al. 2013) and there is

growing interest in the use of these invertebrates to detect the DNA of rare or elusive species (so

called “iDNA”) (Schnell et al. 2015; Calvignac-Spencer, Leendertz, et al. 2013). Faeces of generalist

predators can also be considered “biodiversity capsules” (Boyer et al. 2015). A pioneering study in

2012 used haematophagus leeches as a screening tool for monitoring rare and elusive mammals in

Vietnam (Schnell et al. 2012). Over 80% of leeches tested positive for mammal DNA, and two of the

species detected were recently described, rare and elusive to standard survey methods. In another

investigation, blowflies (carrion flies), which feed on many vertebrate carcasses, were tested for DNA

from a diverse range of mammal species in Ivory Coast and Madagascar (Calvignac-Spencer, Merkel,

et al. 2013). This study carried out metabarcoding using ape-specific, pan-mammal and pan-vertebrate

primers and evaluated the detection rates from flies collected during necropsies of five mammal

species. Between 40 and 89% of flies were positive for mammal DNA. DNA from all necropsied

mammal species was detected, together with DNA from nine additional species. Additional randomly

collected flies were then analysed and between 39-42% (depending on collection location) tested

positive for mammal DNA. Of particular interest, the study detected six of the nine species that

constitute the local primate community, and a very rare and endangered species, Jentink’s duiker

(Cephalophus jentinki, Calvignac-Spencer, Merkel, et al. 2013). More recently a promising new mini-

barcode for mammals has been developed and applied to blowflies from the Malaysian Peninsula,

achieving 89% amplification success and higher resolution of closely related species (Lee et al. 2015).

An additional exciting opportunity is to use the iDNA approach for detection of not just species but of

individuals, through the use of genotyping. In the first test of this idea, seven sooty mangabey

(Cercocebus atys) microsatellite loci were successfully amplified from blowfly iDNA, demonstrating

that identification of individuals is, to some extent, possible (Schubert et al. 2015).

These pioneering studies demonstrate the great potential of this approach for detecting rare species

that are often elusive to established survey methods. Challenges still exist though for applying these

molecular approaches into existing frameworks for estimating wildlife abundance, distribution and

population dynamics because of the uncertainty and differences between species in terms of digestion

rates (Schnell et al. 2015; Bohmann et al. 2013). Leeches, for example, can retain host blood for

months after feeding. Secondly, as mentioned in Section 3.2.3, predators can be highly mobile,

confounding interpretation of temporal and spatial information (Merkes et al. 2014). Further work is

needed to better understand how iDNA as a method of sampling directly compares to established

survey methods (Schnell et al. 2015; Bohmann et al. 2013).
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Molecular food webs: from understanding diet to ecosystem structure and function

Molecular dietary analyses have been performed on a wide range of taxa including mammals, birds,

reptiles, fish, and invertebrates (reviewed in (Lawson Handley 2015)). Many studies have focussed on

targeted detection of one or a few prey species, which has been insightful, revealing unique insights

into interactions that are very rarely observed or impossible to observe in the wild. For example, PCR

detection of native ladybird DNA in the gut contents of invasive harlequin ladybirds (Harmonia

axyridis) has confirmed intra-guild predation by this species and implicated them in the decline of

native species (Brown et al. 2015). Similarly, this approach has confirmed predation of critically

endangered Acigöl carp (Aphanius transgrediens) by invasive mosquitofish (Gambusia affinis, Keskin

2014).

A whole community approach can offer a great deal more power than the targeted approach for

studying interactions, and a number of studies have already used this method to investigate a wider

diet range. Bats have been a particularly well-studied group in this regard, and the numerous studies

have provided unprecedented insights into the foraging behaviour of several species including

remarkably high prey diversity and diet variability (Clare et al. 2014; Clare 2014) and resource

partitioning (Emrich et al. 2014). Few studies have performed direct comparisons of DNA and

traditional methods of dietary analysis, so assessing the relative performance of these approaches is

challenging. However one study compared HTS (on a Roche GS FLX sequencer) and microhistological

approaches to understand the diet of two ecologically important subarctic vole species (Soininen et

al. 2009). The two methods were well matched in terms of the plant taxa identified, but higher

taxonomic resolution was achieved with the DNA method.

A particular appeal of this approach is to facilitate the rapid construction of species-interaction

networks. The combination of HTS and ecological network analysis (ENA) is providing new

opportunities to monitor biodiversity and ecosystem functioning and assess the resilience of

ecosystems to environmental change (Evans et al. 2016; Roy & Lawson Handley 2012). The structure,

complexity and stability of ecological networks provides a framework for understanding the ecological

roles of species within the network, how species interactions influence ecosystem function, and to

quantify the effects of human activities (Thompson et al. 2012; Evans et al. 2016; Tylianakis et al.

2008). For ecological networks to be meaningful they need to be based on a large number of

interactions and to be at least semi-quantitative (Evans et al. 2016). One challenge for a molecular

approach is to make any quantitative inferences from the data as digestion rates likely differ between

individuals as well as species. Large discrepancies have been found in studies that have compared

abundance of prey items through DNA or traditional approaches, but this could be to some extent due

to low taxonomic resolution of the latter (Soininen et al. 2009). An alternative approach for making

quantitative inferences is to screen a large number of individuals and use presence-absence of as an

estimate of the number of interactions. This is now feasible through a nested tagged metabarcoding

approach that allows individual tagging of thousands of individuals thereby their sequencing on a

single flow cell (Evans et al. 2016; Kitson et al. 2016). This promising new combination is in its infancy,

but could facilitate a step-change in the way we understand, monitor and protect biodiversity.
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7. Summary of key findings from experimental

evaluations of Illumina and Oxford Nanopore

technologies

7.1. Introduction and objectives

The Oxford Nanopore (ON) technology is currently generating vast interest in the scientific community

and the end user sector because some of its key features, such as portability, user-friendly library

preparation, low initial equipment costs and the ability to generate long sequence reads, provide

potentially novel opportunities for research and applied use of sequence data. However, only a

handful of published studies have used this emerging technology, and next to no data exist on its use

for biomonitoring applications.

The aim of this study was therefore to evaluate the potential of the ON-MinION to generate such data

and as far as possible, compare its performance with the leading HTS platform currently used for

metabarcoding approaches, the Illumina MiSeq. Specifically we wanted to generate information on

quantity and quality of amplicon and shotgun sequencing data, evaluate the sensitivity of this

approach for species detection and estimation of relative abundance, and the consistency of data from

both approaches.

The experimental programme of this study included three phases. The aim of Phase 1 was to ground

truth both methodologies by sequencing mock communities (artificially constructed communities

with a known composition). During Phase 2 the performance of both technologies to recover species

diversity of representative environmental samples (aquatic eDNA and direct DNA from bulk

macroinvertebrate samples) was evaluated through metabarcoding and mito-metagenomics

approaches. The objective for Phase 3 was initially to sequence specific sample types provided by

CAMERAS partners. However after discussion with the project lead this was changed to carry out 16S

metabarcoding of microbial communities because this is the only application for which tested

bioinformatics pipelines exist. The new objective for Phase 3 was therefore to evaluate the

performance of the ON technology using the most advanced application.

The results have to be interpreted in the context of the developmental trajectories of these

technology. Although both technologies are subject to change and continuous improvement this trend

is especially pronounced in the early phase when a technology makes the transition from development

to broad scale availability to the end-user community as is currently the case for the ON-technology

(Figure 11). Even within the timescale of this project technological developments lead to a significant

increase of throughput by two-fold and a reduction in error rate from 10% to 5% and potentially down

to 1% (Fig 13). It is therefore not straightforward to even compare different experiments within this

study.
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Figure 13: Development of Nanopore sequencing improvements of throughput (a) and accuracy (b).

(a) shows a two-fold increase in sequencing throughput comparing by MinKNOW (MK) version

upgrades. This shows the difference in voltage flick (VF) rate in each pore across the flow cell which

prevents strands or proteins blocking the pore. MK1.3 VF occur every 10 minutes for each pore across

the flow cell whereas MK1.4 dynamically changes the VF on demand. (b) illustrates the reduction in

error rate using different generations of flow cells and chemistry. Figure from Oxford Nanopore.

7.2. Key results

The following sections summarise some of the key results from the experimental evaluations and

explain its relevance to biomonitoring applications. A full account of the experimental section is

provided in section C of this report.

7.2.1. Quantification of copy number and associated primer bias

Key result 1 - Quantitative PCR (qPCR) standard curve assays and mock community analysis revealed

a significant bias in Cytb metabarcoding primers (Phase 1)

Phase 1 examined the performance of Illumina and Oxford Nanopore technology by metabarcoding

eleven freshwater fish mock communities of known total genomic DNA concentration and number of

template copies. During the first step of this experiment a qPCR assay was used which allowed

calculation of the exact number of template copies present in the sample of interest. However, the

experiment also revealed primer bias in the Cytb primers (used for both qPCR and metabarcoding)

because the number of copies recovered for each species (at equal starting total genomic DNA

concentration) produced an uneven distribution of species amplification efficiency (Figure 13).
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Figure 14: PCR bias of Cytb primers: total number of Cytb copies generated from qPCR analysis at

varying concentrations for each species (0.5 to 10 ng/l) and 10,000-copy control (“10k”) for selected

species.

This indicates that read count of individual samples does not necessarily reflect the quantity of

template DNA from individual species although this depends on the exact species present in the

community (Clarke et al. 2014; Elbrecht & Leese 2016). For our primer set for example a community

consisting of S. trutta, S. alpinus, C. albula and P. fluviatilis, each of which was detected at all template

concentrations, would not be significantly affected. Conversely, this effect would be strong in a

community of A. brama, E. lucius, R. rutilus and S. erythrophthalmus. Therefore, the choice of primer

will have a significant outcome on the ecological system studied, as even a single mismatch can

strongly bias amplification (Parada et al. 2015). The capacity to design degenerate primers that anneal

to very divergent sequences might help combat potential bias but it is unlikely to be completely

overcome when species across a broad taxonomic spectrum are targeted. Therefore assessing the

spatial distribution of positive eDNA records through site occupancy might be a more suitable

approach to estimate relative abundance from metabarcoding approaches as suggested by (Hänfling

et al. 2016a). However, it is important to note that this observed bias is not expected to impact the

comparison between methods or the evaluation of sensitivity in our mock community study since we

were able to calculate the exact copy number of amplicons for each species in the sequencing library

through qPCR.

7.2.2. Detection rates and sensitivity of both approaches

Key result 2 - Both technologies show extremely high sensitivity to detect rare species in the mock

community analysis (Phase I).

Our experimental design included the analysis of artificial mock communities intended to measure a

quantitative response. We developed an approach to replicate an elusive or ’rare‘ species by

constructing mock communities with common (e.g. 100,000 template copies) and rare (e.g. 1 template

copy). Both sequencing approaches showed an extremely high detection probability and could detect

species at the lowest possible concentration (one single copy). Nanopore showed a 99% detection
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probability with only a single false negative, whereas Illumina had a slightly lower detection probability

of 95%.

Figure 15: detection sensitivity of Illumina and Nanopore metabarcoding of 11 mock communities. Green = true

positive detection, yellow = false negative, red = false positives. Figures indicate amount of genomic DNA in ng

(MC01, MC02, MC04-MC07) or template copy number (MC03, MC08-MC11)

The data from both sequencing technologies are directly comparable since the same PCR products

were sequenced. Thus any differences observed can be attributed to sequencing technologies or

stochastic effects. Given the small scale of the experiment the latter cannot be excluded. In

comparison, Nanopore sequencing was able to recover almost all species including species defined

here as “rare”, i.e. one target copy. However, there are two examples of false positives in the final

dataset, and it is possible that these are an artefact of downstream bioinformatics analysis. Currently,

there is no established pipeline/workflow to robustly analyse Nanopore metabarcoding data

consistent with Illumina data. Current 1D data (as used here) are hampered by the chronic issue of

high error rates, for example, the error rate from 1D sequencing is ~5-10% and this is higher than what

is needed to identify and cluster OTUs (1-3%). Thus, data cannot be clustered as it can be with Illumina

data, and other methods need to be employed in order to directly annotate individual reads such as

taxonomic assignment using KRAKEN and BLAST (Ma et al. 2017). Nevertheless these results

demonstrate that Nanopore is already capable of producing data of at least similar resolution for

species detection as Illumina MiSeq at least for these communities consisting of phylogenetically

distinct species with a comprehensive reference database.

Key result 3 - there is no consistent difference in taxon detection rates from environmental samples

between both technologies (Phase 2).

In the species rich invertebrate bulk samples Nanopore showed a higher detection rate (47%)

compared to Illumina (37%) at the family level. However, at the genus level, Illumina assignment (51%)

show a 2-fold greater overlap with morphological ID than Nanopore assignment (25%) (Figure 16).

Comparison between Illumina and Nanopore invertebrate bulk samples identified high number of taxa

shared on a family level. However, genus level comparisons revealed a low number of common taxa

(Figure 16). The implications of these findings are discussed in section 7.2.4 (consistency between

methods)
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Figure 16: Venn diagram to indicate common and macroinvertebrate unique taxa as genus level

assignments for Morphological ID, Illumina and Nanopore taxa. The overlap areas depict taxa shared

by two or three techniques.

In contrast Illumina sequencing detected more fish species from eDNA metabarcoding amplicons in

most samples (Figure 17). However in this case it is possible that PCR stochasticity additionally affected

the data since the libraries were prepared independently.

Figure 17: number of fish species detected from five eDNA samples using CytB metabarcoding for Nanopore and

Illumina.

Key result 4 - Nanopore enables the sequencing of long amplicons > 1000 bp to generate a powerful

dataset for identification of bacterial taxa (Phase 3).
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One of the distinct features of the Nanopore technology is that it is able to produce sequence reads

of thousands or even hundreds of thousand of base pairs. Here we tested this utility for

metabarcoding by sequencing amplicon libraries from the microbial 16S region and analysed the data

with an Oxford Nanopore bioinformatics workflow which was specifically developed for this

application. It enables users to classify mixed microbial samples and obtain accurate assignment of

single reads at the genus level. Our results show that this was highly successful when analysing seven

samples of microbial mats samples from an active thermal spring in Italy along an environmental

gradient; Nanopore sequencing generated 95,007 reads ranging from 200-1400 bp in length and

species were classified using the 16S application. A total of 55 bacterial species were identified, in

which, 16 and 44 bacterial classifications were identified to genus level among samples (Figure 18).

Figure 18: Relative proportions of major taxa (a) and number of OTUs (b) for bacterial communities for

each sample.

The results show that the data are suitable to characterise microbial structure on a geographical scale

which allows to establish ecological correlations with community composition. They also demonstrate

that microbial activity can be significantly correlated with environmental response. Furthermore, this

approach can be used to rapidly classify bacterial communities as well as microbiological activity from

hot springs.

Overall this demonstrates the potential of the ON technology for metabarcoding approaches. ON is

capable of sequencing long amplicon fragments which have a distinct advantage over Illumina

platforms because the molecular marker is not limited to a specific target region along the gene. Thus,

the ability to sequence both conserved and variable regions can improve species assignment.

Workflow and species assignment can be carried out in real time. Although the application is currently

limited to 16S rRNA this could be extended to a wide range of taxa with relatively little bioinformatics

development effort. A crucial aspect of utilising the full potential of this approach is to generate more

comprehensive reference databases of mitogenomes and full genomes.
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7.2.4. Consistency between methods

Key result 5 - despite a good agreement in species detection rates using fish metabarcoding primers

there was a considerable disagreement in range of taxa detected in complex invertebrate bulk

samples (Phase 2).

The invertebrate bulk samples present a challenge for metabarcoding in that they i) are highly diverse

containing over 100 different genera with many closely related species and ii) the reference database

is incomplete. Although, we found a comparable number of identified taxa at family level from

Illumina and Nanopore sequencing there was a lack of overlap between the morphological data and

the metabarcoding data and the data set from the two sequencing methods (Figure 16). Taxa which

were found in the metabarcoding data but not in the morphological data set are likely to represent

prey items from the gut content of the individuals which were homogenised for DNA extraction. In

this case the individuals collected during kick sampling acted as ’environmental samplers‘ (Thomsen

and Willerslev 2015). Thus metabarcoding has the potential to detect additional taxa through

environmental DNA even if whole organisms are collected. On the other hand taxa which were

exclusively present in the morphological data set indicate groups which were either extremely rare or

omitted through stochastic sampling and/or reflect a primer bias for these groups (Elbrecht and Leese

2015). The considerable lack of overlap between the two genetic data sets is somewhat unexpected.

This suggests that a bias has been introduced through one or both of the sequencing approaches or

associated bioinformatics analysis. Furthermore, the proportion of taxa shared with the morphological

dataset at genus level was considerably lower for Nanopore identified taxa compared to Illumina. This

further suggests that this bias originates largely from the Nanopore data set. As discussed in the

previous section the relatively high error rate of Nanopore combined with insufficiently sophisticated

bioinformatics potentially accounts for this observation. Such a problem is likely to be more prominent

in this diverse and complex data set, which lacks a complete reference database, compared to the fish

mock communities which consisted of a few phylogenetically well separated species and a

comprehensive database covering within species variation.

In addition to the observed inconsistencies in metabarcoding of complex invertebrate bulk samples,

the quantitative comparison of read counts from the fish mock communities also showed variation

between methods, as discussed in the following section.

7.2.5 Reproducibility and relative abundance

Key result 6 - Despite good reproducibility within methods, both methods showed deviations from

expected relative frequencies in mock communities (Phase 1).

The re-amplification of the 10,000-copy control was shown to be within the expected range for both

technologies, confirming the reproducibility of the PCR amplification using a one-step protocol.

Nevertheless there was some variation with regards to the relative abundance of species relative to

qPCR expectation and between both methods (Figure 19). This indicates that the sequencing process

itself introduced a certain degree of bias independent of the PCR bias. One possibility is that amplifying

mock communities with tagged primers using a one-step protocol may have introduced significant

bias by mismatches due to sample tags (O’Donnell et al. 2017). However the inconsistency between

methods cannot be explained by such a mechanism. It is possible that quality issues of the Nanopore

data have introduced further bias. Theoretically it would be expected that species with close relatives

in the data set and reference database are more affected by high sequencing error. However such a

theory requires further rigorous testing.
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Figure 19: Boxplot illustrating the relative read count distribution of each mock community with the

prescribed mixing ratios between qPCR and Illumina/Nanopore data. Data points represent outlier

individual species over or underrepresented in comparison to qPCR expectation.

7.2.6 The potential of metagenomics through ON

Key result 7 - Mito-metagenomics of mock communities through Nanopore sequencing shows

encouragingly high species detection rates (Phase 1?).

Metabarcoding approaches have been successfully used to characterise biodiversity in marine and

freshwater habitats from environmental DNA (e.g. Sigsgaard et al. 2016; Hänfling et al. 2016a).

However, PCR amplification can impact the inference of ecological assessments due to primers bias

(Elbrecht and Leese 2015). Metagenomics (or PCR-free shotgun sequencing) has been used as a

powerful tool to describe microbial communities in soil (Bai et al. 2014), biofilms (Wingreen et al. 2017)

and gut enzymatic activity (Joynson et al. 2014), and it has a potential use for biomonitoring of target

species from environmental DNA. Here, the use of metagenomics was experimentally tested by

sequencing 1) mock communities composed of extracted genomic DNA and 2) eDNA samples from

natural environments. Four mock communities consisting of 18 fish species each were constructed at

varying total genomic DNA concentration and template copy number variation. For MC03-free, the

plasmid was spiked in at a significantly higher concentration (40 ng/μL) to replicate bacterial load in 

order to determine if DNA at low template copy number proportions could be detected. The MC01-
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free, MC02-free and MC04-free produced reads for 16 species on average highlighting the potential

use of metagenomics in detecting target species.

Figure 20: Detection rates in four PCR free mock communities consisting of 18 species through

Nanopore sequencing. MC03-free was additionally spiked with plasmid DNA in order to simulate high

concentration of non-target DNA which is typical for eDNA sample, which significantly reduced the

detection probability.

Key result 8 - Mito-metagenomics from eDNA samples shows little success of detecting target

species due to high error rates and high concentration of non-target DNA (Phase 3).

The results from the plasmid-spiked sample, MC03-free, suggest metagenomics of target species may

be problematic due to the high proportions on non-target DNA (plasmid) including nuclear DNA and

reduced target sequencing coverage (Figure 20). In addition, the Nanopore generated plasmid reads,

when aligned to the plasmid reference (Sanger sequenced), show only 81% similarity, which suggests

the PCR-free data is error prone and will likely generate unusual results. This pattern is exacerbated

for the PCR-free sequencing of eDNA from natural environments, as 79% of reads could not be

taxonomically assigned, with 20% assigned to bacteria and only 1% of the reads could be assigned to

a curated metazoan database (Figure 21). Of the 1% Metazoan reads, none of the reads could be

assigned to teleosts known to occur in the sample.
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Figure 21: Taxonomic assignment of shotgun sequencing of eDNA representative samples a) non-

redundant database and b) Metazoan database

The application of metagenomics to detecting target species from eDNA is challenging due to

the high proportion of non-target DNA (i.e. bacteria, limited nuclear DNA). Although it is unclear

whether nuclear DNA can be useful for species detection of eDNA, the database may not be

comprehensive for all target species and may be unreliable due to limited number of intact copies.

The enrichment of target DNA can potentially have an important impact for PCR-free methods. Region

specific extraction (RSE) is a method that can be used to enrich gene targets from eDNA in combination

with Nanopore to sequence partial or entire target fragments (Dapprich et al. 2016). This method

denatures double stranded DNA and uses a multiplex reaction to bind biotinylated primers (20-30bp

in length) approximately 1kb-10kb apart (up to 50kb). As the primers anneal to the template DNA, a

polymerase repairs the target region using biotinylated nucleotides which can then be extracted using

streptavidin magnetic beads. As Nanopore chemistry improves, this will potentially allow PCR-free

sequencing of target DNA from eDNA samples. However it remains to be seen whether such

enrichment techniques are free from taxon biases and could therefore be used for estimating the

abundance of species present in a sample.

7.2.7 General comparison of data quality and quantity

Nanopore technology is experiencing a massive surge in popularity for its application in DNA

sequencing (genomic, transcriptomic and epigenomic), straightforward library preparation and

portability (Feng et al. 2015). The distinctive features of ON technology is its modularity-in-design as

well as embracing a fast expanding community that help advance the throughput and quality of

sequencing. The Nanopore community allows users to keep up-to-date with the technology, discuss

best practices and provide suggestions that shape the next generation of products and software.

Throughout the course of the project there have been at least two significant advances in ON

sequencing with regards to throughput and accuracy. First, 2D chemistry – complement and template

strands are ligated to hairpin-shaped adaptors – has become discontinued on May 5th 2017 in favour

of the new 1D^2 chemistry. The 1D^2 chemistry does not have a physical adaptor linkage between

the strands as observed for 2D chemistry. Instead, adaptors are ligated to the 5’ end of the
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complement and template strands whereby the first strand is pulled through the pore and the second

strand is acquired almost immediately by the pore after releasing the first strand. The 2D chemistry

caused significant issues as many complement strands had notably lower accuracy than the template

strand. Furthermore, 2D chemistry suffered from chimeric reads formed as the hairpin adaptor was

prone to ligate different amplicons fragments (White et al. 2017). With 1D^2 no such degradation in

signal is observed and does not experience the issue of chimeric reads. Moreover, Oxford Nanopore

report modal error rates at ~5% with current basecallers and could potentially drop close to 1% with

the newer Scrappie basecaller. Second, the MinKNOW software has been continually upgraded to

improve sequencing performance. MinKNOW controls the global voltage flicks of each pore across the

flow cell to increase the lifetime of each pore. This means the voltage is reversed across the flow cell

to prevent strands or proteins blocking up or “jamming” the pores by rapidly changing the direction

of the ion current. Previous versions of MinKNOW (v1.3 and preceding) set the voltage flicks to 10

minutes thereby limiting the length of a read. However, subsequent versions (e.g. v1.4 onwards)

implemented a more dynamic system that unblocks individual pores on demand, thus increasing

sequencing performance and pore lifetime. In a relatively short time, Nanopore technology has rapidly

improved accuracy, sequencing throughput and the capacity for species level resolution. These

advances will allow an alternative user-friendly approach to further extend the application of DNA

information for routine biomonitoring.
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8. Conclusions and recommendations
The aim of this section is to summarise our current understanding of what modern genetic approaches

can contribute to biomonitoring, evaluate the future potential of ON-technology to improve these

approaches and provide a generic framework for deciding what the most suitable approach for specific

monitoring needs is, and finally, providing specific recommendation for the development of genetic

approaches to specific applications.

8.1 Generic advantages and drawbacks of DNA based

methods compared to conventional monitoring methods

Although the performance of different DNA-based methods vary, some generic advantages of these

approaches have emerged, as documented in sections 5 and 6 of this report. First, the rate of false

negatives is usually very low and in almost all cases lower than in conventional sampling programmes,

although for metabarcoding this needs to be seen within the limits of what a specific assay can detect.

If these limitations are understood it provides a high level of confidence that a species is absent if not

detected by DNA methods. However, an inherent drawback of DNA-based methods is that the risk of

false positives is significantly higher than for conventional approaches. The risks associated with

sampling and laboratory contamination can be controlled for, so that if a false positive occurs, it can

be identified and the assay repeated if necessary. Environmental contamination, that is the movement

of eDNA to an environment that does not contain the species in question, is much harder to control

for. Ficetola et al. (2016) suggested the use of generalized occupancy models, developed by Royle &

Link (2006), as a feasible approach to reduce the risk of false positives. Indeed, this statistical

framework has been used by a number of studies to estimate the presence of individual species by

eDNA analysis (e.g. Schmidt et al. 2013; Schmelzle & Kinziger 2016), although further work needs to

be done to adapt these approaches to scale for multi-species detection as provided by metabarcoding

data.

There is limited data on cost comparisons, and the potential cost savings of DNA-based approaches

are very much dependent on the details of the system being studied and the nature of the existing

monitoring approaches. As far as we are aware, no cost comparisons have been conducted for

metabarcoding versus conventional methods for species detection. Some of this is heavily dependent

on whether the aim is to detect one or more species, as metabarcoding becomes increasingly cost

effective the larger the number of targets. For qPCR-based eDNA studies, there are a number of

examples where direct comparisons have been made. Huver et al. (2015) performed a cost-benefit

analysis for the detection of the amphibian parasitic trematode Ribeiroia ondatrae, and found that

compared to conventional frog necropsy ($190), the qPCR approach was half the cost ($95) per

sample. Similarly, Evans et al. (2017) determined that it was less than half the cost to use eDNA

compared to electrofishing for the analysis of a river reach ($75 versus $203), although comparable

($68) if only a single pass of electrofishing was performed. Sigsgaard et al. (2015) determined that it

was more cost-effective to detect the fish Misgurnus fossilis with eDNA than with a range of traditional

survey methods (electrofishing, traps, and nets), whilst Biggs et al. (2015) determined it was

approximately ten times cheaper to use a qPCR assay to detect the great crested newt. Smart et al.

(2016) described a quantitative framework for determining cost comparisons. They stated that “the

relative cost efficiency of the two sampling methods was sensitive to the available survey budget, the
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costs of eDNA primer/probe development and sample processing, and the number of positive qPCR

assays used to designate a sample as positive”.

In summary so far, DNA-based approaches have been used successfully to determine the presence or

absence of particular species or community composition within a given environment, and have in

some cases been able to provide estimates of relative abundance. Combined with the often high

taxonomic resolution and detection probability and the cost efficiencies DNA methods provide in

comparison with many conventional methods, it is clear that these approaches are powerful

alternatives to current monitoring strategies. Our literature review has also emphasized the breadth

of possible applications ranging from the analysis of deep sea sediments to eDNA deposited on twigs

by browsing deer. Some of these applications are limited to individual proof of concept studies and

require further research before their usefulness can be fully evaluated. On the other hand certain

applications have emerged where the evidence base is now sufficiently strong to consider them as

alternatives for conventional methods, and should be prioritised in terms of operationalisation. This

includes the monitoring of aquatic taxa through eDNA, and in particular freshwater fish and

amphibians, through both targeted and community approaches. Aquatic eDNA has also been

successfully applied to invertebrate communities and individual target species and the use for aquatic

INNS monitoring is an especially promising application. Other types of environmental samples are less

well investigated but the analysis of marine benthic environmental sample types has been repeatedly

shown to provide suitable data for assessing ecological impact. Metabarcoding of bulk samples is

principally not affected by the environments and the performance has been promising for various

groups of invertebrates and diatom communities and should therefore also be prioritised. The analysis

of pollen and soil invertebrates are an emerging fields with great promise, but the number of case

studies is still quite limited. [Soil examples?]

Although we provide examples of cost comparison in this section cost benefit analyses have to be

carried out for very specific applications in order to judge whether the DNA method should replace

conventional sampling. Such analyses should also consider the trajectory of method development.

Generally it is reasonable to assume that the capacity and resolution of DNA methodologies will

continue to improve while costs will decrease. On the other hand, these factors are subject to

relatively little change for most conventional methods. Many previous reviews have emphasized that

some conventional methods can provide complementary data to DNA based approaches such as

demographic population structure, biomass or health of individuals. For example in terms of lake fish

monitoring, eDNA analysis could replace the gill-netting component of current surveys in terms of

estimating the community composition but not the hydroacoustic monitoring, which provides

additional information on absolute fish biomass and size. A combined approach, while being the most

powerful option, will be costly for most applications and in many cases a decision will have to be made

between conventional approaches and different DNA based methods. In the following sections we

aim to provide the information and framework for such decision making.

8.2. Targeted methods vs community metabarcoding

Few direct comparisons have been made between the sensitivity and cost-efficiencies of eDNA

metabarcoding and targeted qPCR. Schneider et al. (2016) noted that qPCR had occasionally higher

detection probabilities of Invasive Mosquito Species (IMS) compared to metabarcoding, but the latter

allowed simultaneous detection of multiple IMS and other taxa in a single sequencing run without
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development of multiple species-specific markers. In another study, eDNA metabarcoding failed to

detect wood turtle (Glyptemys insculpta) in four rivers where targeted qPCR and conventional visual

survey detected the species (Lacoursière-Roussel et al. 2016). Nonetheless, the community

metabarcoding approach was deemed a powerful tool to screen for all herpetofauna in North America

(Lacoursière-Roussel et al. 2016). We have recently carried out a study comparing the sensitivity and

costs of both approaches for the detection of great crested newt (Harper et al. unpublished). This

study showed that qPCR had a slightly higher detection (number of ponds with positive detection)

compared to metabarcoding (36% compared to 28% respectively), but metabarcoding could

simultaneously detect a wide range of other vertebrate species which provided information on biotic

associations and can be used to understand the drivers of threat. A cost comparison showed that

laboratory consumable costs were considerably higher for metabarcoding but that the investigator

effort was slightly higher for qPCR. Overall the costs for metabarcoding were more than twice that of

qPCR (£7,956 and £3,499 respectively, Figure 22). Although this shows that metabarcoding would not

be a cost-efficient way to monitor single species, the additional benefits from obtaining information

on the entire community need to be considered in a cost benefit analysis. A slight caveat in the

interpretation of results from individual studies or laboratories is that the costs are sensitive to the

exact laboratory protocols. Costs of key consumables and plasticware from different brands can vary

more than three-fold and different library preparation methods incur vastly different costs in terms

of both consumables and investigator effort. The example in Figure 22 also demonstrates the sample

collection and preparation is a significant cost factor and accounts for the number of samples

processed and the number of target species are specific variables which affect the comparison

between qPCR and metabarcoding. We have therefore explored some of these variables further and

compared costs between both approaches under different scenarios, with varying number of target

taxa, number of samples and two different library preparation methods (using a single PCR per sample

vs using pooled triplicate PCRs to reduce stochastic effects). This shows that with certain protocols

(e.g. avoiding triplicate PCR) metabarcoding can be cost-effective when two target species are

monitored at the same time (Figure 22 and 23)
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Figure 22: cost and investigator effort required for targeted qPCR of crested newt and eDNA

metabarcoding of vertebrate communities from pond water samples (from Harper et al.

unpublished). Equipment costs are for consumables and reagents only and do not include initial

hardware costs. Investigator effort was costed and an hourly rate of £20.21.



70

Figure 23: Cost projection of qPCR approaches vs Illumina metabarcoding under different scenarios

8.3. Illumina vs Nanopore approaches

8.3.1. Metabarcoding

Our experimental data represent the first direct comparison between Illumina and Nanopore

metabarcoding. The results show that even at this early stage of development, operational ON

systems such as the MinION platform have the potential to be used for metabarcoding approaches in

biomonitoring. However we have to stress that this comparison should not be seen as a definite. A

meaningful cost comparison between Illumina and Nanopore is difficult because important cost

factors such as the number of samples which can be processed in a single run is likely to change

significantly within a short period of time. Therefore we have not attempted an upscaling approach as

for the comparison between targeted approaches and Illumina metabarcoding but simply compared

the cost for the two alternative approaches during metabarcoding of the mock communities in Phase

1. The total cost for construction and sequencing of these libraries, including consumables and

investigator effort was £1,890 for the Illumina and £1,053 for Nanopore. Thus Nanopore could

potentially in future be a cheaper alternative for metabarcoding. From a cost perspective this will

crucially depend on how many samples can be multiplexed in the same Nanopore run.
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8.3.1 Metagenomics is not yet a realistic option

Metagenomics, the sequencing of random DNA fragments from community DNA without PCR, is

sometimes considered as a potential biomonitoring approach. There are currently very few

published examples of successful metagenomics for eukaryotes, and the rationale for biomonitoring

is unclear. As described in our results, a very low percentage of useful data is recovered from

community DNA without PCR, with >99% of reads ‘unassigned’ or bacterial in origin. In contrast, the

metabarcoding of highly concentrated DNA from bulk samples showed promising results in terms of

species detection, but even in this case the majority of sequence information could not be utilised

for taxonomic assignment. The operational cost of metagenomics is therefore orders of magnitude

higher than metabarcoding. Although we will continue to track its development closely, our work

here, and knowledge of these technologies, demonstrates it will not reach the technical maturity to

replace metabarcoding as a biomonitoring tool within the next few years. Metagenomics is

therefore not included in the table of biomonitoring options below but should be re-evaluated in a

few years’ time when a larger body of literature is available. However it is clear that the long read

length which can be generated through ON makes this technology highly suitable for metagenomics

approaches.

8.4. Summary of key characteristics of different approaches

Different monitoring approaches have certain characteristics which make them more suitable for

certain applications than for others. The power and sensitivity to detect target taxa have been

extensively discussed in sections 5 and 6 of this report and the cost implications in the sections above.

We have summarised these characteristics in Table 4 and added requirements of technical abilities

and equipment. Where and when DNA analyses can be best implemented will depend on these

resources. Should scientists carry out analyses in the field, in local research labs, or at expert facilities?

ON MinION has been discussed extensively as being able to sequence DNA samples ’in the field‘. In

many instances this has been interpreted literally as at a sampling location. While this is clearly

possible, it is still technically challenging, and we do not see it as a solution to many existing problems

in the UK. Instead MinION uniquely allows local field stations to routinely generate sequence data.

The equipment needed to sequence on the MinION is minimal, and relatively low cost. While the

equipment is similar for Illumina, there is an approximately £60k purchase price for an illumina MiSeq,

with high maintenance costs (approximately 10K per annum) and the need for highly trained

personnel, meaning that the Illumina technology is restricted to expert facilities.

It is important to stress that generating DNA sequence data is never the end of the experiment. Instead

data analysis pipelines and the expertise to run and interpret them is a significant consideration. While

these analytical pipelines are increasingly sophisticated and sometimes user-friendly, the analysis

planning must be an important part of the monitoring design.
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Table 4: Technology overview: key characteristics and biomonitoring decision making

Targeted - PCR Targeted qPCR
(and ddPCR)

Illumina
metabarcoding

Nanopore
metabarcoding

Sensitivity (i.e.
the capability
to detect target
DNA in the
sample)

Medium - high,
but variable and
depends on the
efficiency of
primers

High - very high,
but variable and
depends on the
efficiency of
primers

High, but in some
cases lower than
qPCR

Potentially high
and similar to
Illumina, but
insufficient data
exist for a
confident
evaluation

Resolution (i.e.
the capability
to distinguish
between taxa

Limited by the
availability of
target specific
primers (might
be difficult or
impossible for
very closely
related species)

Similar as for
Standard PCR but
primer
limitations can be
improved
through the use
of probes for
qPCR (not ddPCR)

Limited by max.
fragment length
(approx. 450 bp
of sequencing
information).
This is sufficient
to distinguish
most closely
related species

Potentially the
highest
resolution,
because length of
the fragment is
only limited by
what is available
in the sample.
Currently high
error rates and
lack of
bioinformatics
reduce this
potential

Quantitative
information
(in respect to
template
concentration
in single
samples)

At most semi-
quantitative but
assessment
through gels is
very subjective.

Fully quantitative
and objectively
verifiable and
comparable
through standard
curves

In some
circumstances
semiquantitative.
Affected by
primer bias. The
potential of
metagenomics
for quantitative
assessment has
not been fully
explored

In some
circumstances
semiquantitative.
Affected by
primer bias. The
potential of
metagenomics
for quantitative
assessment has
not been fully
explored

Cost efficiency Most cost
efficient method
when looking at a
small number of
target species

Highly cost
efficient when
looking at a small
number of
species

Relatively
expensive when
a small number
of samples are
analysed but the
most cost
efficient method
for complex
communities and
for large number
of samples even
in communities
with limited
diversity

Currently limited
by restricted
library indexing
capacity but
potentially even
more cost -
efficient than
Illumina MiSeq
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Processing
times Including
bioinformatics

Scales to number
of samples but
could be as short
as a day for a
limited number
of samples

Scales to number
of samples but
could be as short
as a day for a
limited number
of samples

Does not fully
scale to number
of samples
1-2 weeks
minimum even
with low sample
numbers

Scales to number
of samples but
could be as short
as a day for a
limited number
of samples

Technical
demands

“Low-tech”,
requires only
basic molecular
equipment and
training

Higher
equipment costs
compared to
standard PCR.
Requires highly
trained
personnel

Requires fully
equipped
molecular
laboratory and
highly trained
personnel

Extremely easy to
operate, but
library
preparation still
requires highly
trained
personnel

Data analysis Straightforward
presence/
absence scoring
of bands. Can be
done with
minimal training

Interpretation of
amplification
curves requires
training but can
be standardised
across
laboratories.

Complex data
analysis from
quality control
through to
taxonomic
assignment. In
absence of user-
friendly and
standardised
pipelines, this
requires highly
trained
personnel

Raw data are
easy to obtain in
real time but
taxonomic
assignments are
similarly complex
as for Illumina
and there is
currently a lack
of ON specific
bioinformatics
solutions for
metabarcoding

Delivery
options

Could be carried
out in individual
small scale
laboratories with
relatively little
training and
investment

Could be carried
out in individual
small scale
laboratories but
requires
substantial
investment and
molecularly
minded technical
staff

Requires a full
scale molecular
facility such as a
centralised
laboratory and
highly trained
staff for both
laboratory work
and data
analysis.
The latter could
be separated and
some of
laboratory steps
could be
outsourced to
commercial
sequencing
companies

could be carried
out in individual
small scale
laboratory, and
requires
moderate
investment in
equipment.
Highly trained
staff required for
library
preparation and
data analysis
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8.5. Decision-making framework for choosing a suitable

approach

Deciding on an approach to DNA biomonitoring is complex, context dependent and rapidly changing.

If correct decision making is to be promoted then a clear rationale must be adopted. We have

identified a number of considerations which will affect the choice of a specific approach:

a) Data requirements?

- How important is it to achieve the best possible confidence in presence/absence?

- How important is relative or absolute abundance?

b) Time scale, logistics:

- how crucial is a fast turnaround time?

- remoteness of sampling locations, is there access to full equipped molecular facility?

c) Evaluating cost efficiency:

- How many samples are likely to be processed at a time?

- How many target species are surveyed in the same habitat?

- If the prime target is a single species, what would the added value of additional species

information be?

The answers to these questions will identify the main requirements and need to evaluate in the

context of the key characteristics for each of the main technologies. It is also important to emphasize

that the answers to some of these questions might change over time. For example the number of

samples processed depend on the sampling strategy for eDNA and direct approaches. Whilst some of

the technologies are mature (i.e. PCR, qPCR), others such as ddPCR and Nanopore sequencing are

more recent and have not been fully evaluated or are changing significantly as newer versions reach

the market. Currently there is no consensus as to what the optimal strategy is, and approaches differ

widely. Figure 24 shows a simplified approach to choosing the appropriate technology.

Figure 24: A simplified decision tree outlining the major decision points to choose a suitable molecular

approach for biomonitoring.
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Whilst this ignores many of the important variables regarding cost, turnaround time and sample

numbers, it captures the major differences between each approach. It is important to point out that

whilst Oxford Nanopore’s MinION is included, there are a number of caveats current to this platform

(as outlined in Table 3) that mean it may not yet be ready for use in real biomonitoring applications.

8.6. Recommendations for specific applications

The remit of monitoring activities carried out by CAMERAS partners is extremely broad, as outlined in

section 2 and Part B of this report. It spans across all environments including freshwater, marine, soil,

terrestrial and air and concerns the monitoring of individual target species as well as whole

communities. Although it is beyond the remit of this report to comment on each specific application,

we briefly outline possible strategies for some key applications below. These should be treated as

examples of how to interpret our decision making framework, but not as ultimate solutions since they

are based on our interpretation of monitoring priorities and constraints which might not be entirely

consistent with the view of CAMERAS partners.

8.6.1 Aquatic INNS

The monitoring of aquatic invasive species through eDNA has been shown to be highly sensitive and

has been successfully applied in many cases as outlined in section 6.1 and Appendix 1. INNS monitoring

usually concerns one or a small set of species and it is of utmost importance to confirm the presence

or absence with the highest possible confidence, whereas abundance data are usually less important.

Quantitative PCR is generally preferable as it is the most sensitive method, but standard PCR will be

appropriate for some applications or more limited budgets. Horizon scanning should be carried out

regularly in order to identify priority for the development of species specific assays (i.e. optimised and

tested sprimers and probes) and subsequent targeted monitoring. Community metabarcoding is

particularly relevant to situations where a number of INNS need to be simultaneously monitored, or

where there is a risk of new INNS being introduced for example when monitoring high risk pathways.

An ideal approach would be to monitor high risk pathways such as estuaries, ballast water and canals

on a regular basis through passive metabarcoding (Illumina or ON) and switch to a targeted method

to monitor the spread of the INNS identified though a passive approach (Figure 25). However a fast

response relies on the availability of species specific PCR primers. It is therefore essential that a suite

of molecular assays is available for key INNS. An alternative approach of a fast response in absence

of such assays could be the application of ON-MinION metabarcoding until such primers have been

developed.
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Figure 25: Outline of a possible strategy for monitoring aquatic INNS through a combination of

approaches (modified from Blackman et al. in press)

8.6.2 Wildlife and plant pathogens

A similar broad scale monitoring strategy as for INNS could also be adopted for wildlife and plant

pathogens. Since the fast detection of pathogens is even more important than for INNS ON

technologies would provide a valuable alternative to qPCR especially where more than one pathogen

strain is of interest. The application of MinION for in-field sequencing was pioneered by studies aiming

to detect human pathogens (Votintseva et al. 2017; Faria et al. 2016; Quick et al. 2016) and has

enormous potential for wildlife disease. Our laboratory testing indicates that qPCR can be the most

cost effective method of surveillance, but only under some circumstances. These circumstances are

not common however and the MinION will be the best choice when we require (a) in-field testing (b)

simultaneous surveillance for multiple pathogens (c) large-scale analysis of thousands of samples (d)

sequence information to determine the identity or transmission route of pathogens. The rapid

development of in-field detection of human pathogens using MinION is an amazing opportunity for

environmental pathogen monitoring. It is important that these opportunities are understood and

incorporated into planning decisions as the benefits are very substantial.

8.6.3 Indicator Groups and endangered species

DNA based monitoring allows the analysis of samples on a large geographical scale and provides a

great opportunity to combine the monitoring of indicator group with that of endangered species as

they often occur in the same habitats. We therefore suggest here an approach were these monitoring

tasks are integrated for optimal cost-efficiency (Figure 26). By definition the monitoring of indicator

groups requires the detection of multiple species and often complex communities (aquatic

macroinvertebrates, marine benthos, etc.) and metabarcoding approaches are clearly required here

for a cost effective solution. The presence of cryptic or unknown taxa in many of these groups further

make the use of targeted approaches unsuitable. The presence of potential false positive records
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means however that there is uncertainty associated with species which are recorded at very low read

count frequencies, although these uncertainties can be investigated and quantified. The best

approach is to treat such low frequency records as a hypothesis rather than certainty. If the species in

question is of specific interest, such as an endangered species or a species which has an especially

important status as an indicator, further monitoring should be carried out using species specific assays.

Since speed of data generation is a less important consideration in this context we recommend

targeted standard PCR or qPCR/ddPCR approaches for these species. If the species is identified as non-

native the pathway in Figure 25 should be followed. The confidence of other low frequency records

should be evaluated through consistency of detection over temporal records, spatial patterns and

across different markers.

Figure 26: Outline of a possible strategy for monitoring indicator and endangered species through a

combination of approaches

8.7 Future development needs

The last few years have seen a significant increase in the number of studies that make use of DNA

approaches for biological monitoring. There is strong evidence that these approaches can provide

data that are comparable to existing approaches, and in many ways more useful for understanding

the presence/absence, distributions and composition of communities and the species within them, at

comparable or lower costs. However, there are some areas that need further investment to provide

clear evidence that these methods can be used with the rigor needed to inform potentially expensive

and time consuming management decisions. Furthermore, method development has to move on from

proof-of-concept studies to optimising cost efficiency, effectiveness and operationalisation.

Optimising cost efficiency: While cost efficiency is an extremely important consideration for the

application of DNA based approaches to biomonitoring this is not the main driver for scientific
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research where hypotheses are tested with the best quality data. Therefore protocols developed for

proof-of-concept studies and to test specific scientific hypotheses regarding the ecology of eDNA are

not necessarily optimised in terms of cost-benefit for biomonitoring applications. Significant cost

savings can be made if research is directed specifically at identifying the most cost efficient

consumables and protocols which provide the necessary data required for a specific applications. Taq

polymerases used in PCR and DNA extraction kits vary at least threefold in price but are on the other

hand a factor which can affect the quality of the data. The level of replication necessary during the

sampling, DNA extraction, PCR and sequencing stages is another unresolved issue which can be a

major cost factor. This also extends to sampling protocols of eDNA, where the number of samples

used for different approaches varies by orders of magnitude.

Optimising sampling strategies: Where, how and when to sample with minimum effort needs to be

explored in detail. Although this topic has been approached in a number of recent studies at least for

aquatic eDNA, notably Hänfling et al. (2016a), there is much still unknown about distribution of eDNA

and therefore optimal sampling strategies. Evidence that DNA can be transported considerable

distances in aquatic environments (Deiner et al. 2016) and persist for long periods of time in aquatic

sediments and soils (Giguet-Covex et al. 2014) mean that further research is needed to determine

exactly what eDNA represents in terms of describing the present community composition. We do not

have a good understanding of the temporal dynamics of eDNA especially in non-aquatic habitats, and

how it may be influenced by biological behaviour such as reproduction, the transition from one life

history stage to the next or predation events. A number of recent studies have explored optimal

approaches for sampling of aquatic eDNA (for example Spens et al. 2017). However, further work

needs to be done in this area to optimise approaches that could be carried out by non-specialist teams

from biological monitoring organisations in a manner that is robust to both the preservation of eDNA

while minimizing the risk of contamination. One possible approach is the use of in situ passive

samplers, akin to those used for measuring chemical contaminants (Mills et al. 2014). Such a device

could be used to provide an integrative measure of the presence or absence of species in an

environment, and may avoid some of the issues surrounding fluctuating concentrations of eDNA

associated with changing hydrology or other physicochemical conditions. Our understanding of the

ecology of eDNA in other environments such as soil or sediments is even more limited but

representative sampling is likely to much more challenging compared to aquatic environments

because a patchy distribution of target DNA (e.g. Pickles et al. 2010) which currently hampers the

design of efficient sampling strategies for these environments Further, research is therefore required

to address this issue.

Further development and comparison of laboratory protocols: The development of high-throughput

sequencing approaches based on Illumina and Oxford Nanopore technologies have the potential to

revolutionize how we monitor and describe biodiversity. However, there are a number of areas that

need significant further research to fully understand the nature of the data generated on these

platforms and how it relates to the true composition of the samples analysed. An additional

complication is that different approaches can be used to generate sequencing libraries on the same

platform, for instance using different DNA extraction approaches, primer combinations, Taq

polymerase enzymes as well as the use of 1-step or 2-step library protocols. Experience from the field

of microbial ecology shows that whilst these variables can be important (Gohl et al. 2016), patterns of

community composition are largely unaffected. However certain methodological permutations can be

associated with stronger biases than others (e.g. O’Donnell et al. 2016) or result in a higher probability
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of false positives. Therefore, more work needs to be done to understand how these different

approaches influence the detection of rare species within a community. The largest source of bias of

amplicon studies is likely to be found in the primer-based amplification step. Unfortunately all primers

have some inherent biases, and it is unlikely that this can ever be completely resolved. What is needed

is thorough testing of an assay on each community or system to understand the nature of the biases,

before implementing the assay to make management decisions.

Standards for quality control: although a complete standardisation of methodological pipelines for

individual monitoring applications would be counterproductive given the ongoing rapid technological

development, standards for quality control, proficiency testing and data analysis are a necessary to

obtain consistent and comparable results. Although some progress in this direction has been made in

the application of targeted assays (e.g. targeted detection of great crested newt), there is no

consensus how to analyse and interpret metabarcoding data. Standards for contamination control,

sequence quality scores and read depth are important to ensure a consistent inference of species

detection. Another important issue is the interpretation of low frequency reads to minimise the

occurrence of false positives. HTS based approaches are extremely sensitive and a certain degree of

contamination is common place in metabarcoding studies, usually resulting in reads of low frequency.

As emphasised above laboratory protocols and procedures should be optimised to minimise false

positives, but this is unlikely to result in a complete elimination of the problem. Most studies therefore

use some kind of minimum frequency for taxon specific sequences as a threshold to consider a record

as true positive but there is currently no standardised way how these threshold are calculated or

applied. A systematic review of currently used approaches and experimental comparison is required

to develop a transparent system. Given the fact that false positives affect some applications more

than others case specific solution might be necessary.

Building bioinformatics capacity: Another area that needs significant further development is in the

computational (bioinformatic) approaches used to process and interpret sequence data.

Metabarcoding is heavily reliant on computational approaches to analysis the large quantity of data

generated by HTS methods and the exact bioinformatic approach used can influence not only the

quality of data but the accuracy by which the sequences are assigned to taxa. There has been a

significant push towards creating reproducible bioinformatic tools (Sandve et al. 2013), which

although not solving the problem of the differences between approaches, at least make them

traceable and repeatable. Nevertheless of-the-shelf tools are currently limited to certain applications

such as microbial 16S metabarcoding and bespoke scripts and pipelines need to be developed for and

adapted to specific applications. The availability of bioinformatics expertise is currently a significant

constraint in development of new and more user-friendly analysis tools. Building capacity in

bioinformatics would therefore greatly facilitate the operationalisation of metabarcoding approaches

for biomonitoring.

Where broad scale assessments of species composition are desirable, a major hindrance is the lack of

reference data with accurately assigned taxonomies. The power of detecting species accurately is

greatly influenced by the completeness of reference sequence databases (see section

4.2.1.1.).Initiatives such as BOLD (http://www.boldsystems.org/) have made a significant attempt to

create taxonomically accurate databases for the Cytochrome Oxidase I gene (COI) used as a general

barcode for eukaryotes), but this is still a long way off cataloguing the huge diversity of organisms

found in all environments. Furthermore, traditional barcoding databases are restricted to COI whereas



80

many metabarcoding studies use a much broader range of genes. Single gene data bases are also not

sufficient for of mito-metagenomics approaches which require full mitochondrial genomes as

reference sequences. The biomonitoring community would therefore benefit enormously from

construction of comprehensive databases for key taxa.
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11. Glossary

Agarose gel electrophoresis: is a method used in molecular biology to separate DNA fragments by

size using a current applied to a slab gel consisting of a matrix of agarose.

Bioinformatics: the field of biology that uses computer science, statistics, mathematics and

engineering to study and process large biological data sets, especially sequence reads generated

from HTS.

Bioinformatics pipeline: the chain of steps involved in extracting, processing and analysing raw data

generated for example by Next Generation Sequencing.

Biotinylation: the process of attaching the molecule biotin to a nucleic acid or protein. The method

is used for example to label sequencing primers.

BLAST: Basic Local Assignment Search Tool – bioinformatics tool that finds regions of local similarity

between DNA or protein sequences (http://blast.ncbi.nlm.nih.gov/Blast.cgi)

Droplet Digital PCR (ddPCR): a PCR method where amplification takes place in thousands of

nanodroplets which are individually analysed allowing the determination of the template

concentration in the original sample.

Capillary electrophoresis: is a method used in molecular biology to separate DNA fragments by size

using a current applied to a submillimeter diameter capillary filled with a gel or buffer matrix.

DNA barcoding: the identification of a species or taxon based on PCR amplification and sequencing

of a standard region of DNA (often the mitochondrial cytochrome oxidase 1 gene).

Eigenvalue: is a measure of the strength of an axis, the amount of variation along an axis, and ideally

the importance of an ecological gradient

Environmental DNA: intra- or extracellular DNA which present in the environment outside the living

organism.

Genbank: annotated collection of publicly available DNA sequences housed at the National Centre

for Biotechnology Information (USA) http://www.ncbi.nlm.nih.gov/genbank/

Quantitative PCR (qPCR): or real-time PCR (RT-PCR) is a PCR method which measures the increase in

PCR product over time to determine absolute or relative quantities of a known template sequence in

the original sample.

High Throughput Sequencing (HTS): also known as next-generation DNA sequencing (NGS), is the

catch-all term used to describe a number of different modern sequencing technologies, including

Illumina (Solexa). These recent technologies allow us to sequence DNA much more quickly and
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cheaply than the previously used Sanger sequencing, and as such have revolutionised the study of

genomics and molecular biology.

Illumina sequencing: High Throughput Sequencing on a platform developed by the company

Illumina, such as a MiSeq (http://www.illumina.com/systems/miseq.html) used in the current study.

Metabarcoding: is a rapid method of biodiversity assessment that combines two technologies: DNA

based taxon identification (DNA barcoding) and high-throughput DNA sequencing (NGS). It uses

universal PCR primers to mass-amplify DNA Barcodes from mass collections of organisms or from

environmental DNA

Microfluidic detection platform: Detection methods for macromolecules such as DNA which is

based on fluids passing through submillimetre channels on a chip and is usually combined with

optical (fluorescent) sensors to detect passing target molecu

Microhistology: a microscopic technique used to analyse the botanical composition of faecal

samples.

Microsatellites: short repetitive sequences motifs (2-13bp) in the genome which are repeated 10s or

100eds of times. These regions show a high variability in repeat number among individuals and are

used as high resolution markers for DNA fingerprinting and population genetics.

Mitochondrial genes: Regions of mitochondrial DNA (mtDNA). mtDNA gene regions have been used

widely for species identification and phylogenetic placement.

MOTU (Molecular Operational Taxonomic Unit): OTU identified through sequence similarity or

molecular phylogenetics.

OTU (Operational Taxonmomic Unit): An operational definition for a group of organism which is

regarded as a low level taxonomic unit for the purpose of study and effectively used as a proxy for

species. Usually based on morphological or molecular similarity without a formal taxonomic

description.

PCR (Polymerase Chain Reaction): a method for amplifying the number of copies of a target region

of DNA using oligonucleotide primers, which permits downstream analysis such as DNA sequencing.

Primer: a short single-stranded stretch of DNA that is complementary to the DNA sequence of a

target region. A pair of primers, flanking the target region, are required for PCR amplification. The

primers bind to the target DNA during PCR and prime the addition of nucleotides, generating

millions of copies of the target sequence.

Primer dimer: is a potential by-product in a PCR where primers hybridise to each other because they

contain small complementary motifs and are subsequently elongated during PCR. This can reduce

the efficiency of the PCR to amply the target product.



100

Sanger sequencing: is a method of sequencing individual template molecules based on chain-

termination. It requires a DNA primer, a DNA polymerase, normal, and modified nucleotides, the

latter of which terminate DNA strand elongation.

Shotgun sequencing: a method of sequencing where longer strands of DNA are randomly

fragmented through sonication or enzyme digest and the resulting fragments are directly

sequenced. Longer sequences can subsequently be re-assembled to give the overall sequence using

bioinformatics approaches.

Site Occupancy Modelling (SOM): a statistical modelling approach for estimating the abundance of a

species based on the proportion of sites in which the species is detected when the probability of

detection at a site is less than 1. Implementation of the method requires comprehensive spatial and

repeated sampling. It is widely used in ecological studies and has recently been advocated for

estimating abundance from eDNA (e.g. Schmidt et al. 2013, Pilliod et al. 2013).
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Appendix 1
Table of Targeted eDNA assays

Scientific

name

Taxon Environme

nt/ sample

type

Objective Method Performance References

Amphibians

Ascaphus

montanus

Rocky

Mountain

tailed frog

Streams Monitoring

biodiversity

Standard PCRa; qPCR

(Probe)b

PoD 83-100% (depending on

water collection method)b

(Goldberg et al. 2011)a;

(Pilliod et al. 2013)b

Cryptobranchu

s alleganiensis

Eastern

Hellbender

Streams Monitoring

biodiversity

Standard PCRa,b; qPCR

(Probe)c

PoD 20-70% (n=10)a; 85%

(n=27)b; LoD: 0.00002 ng/ulc
(Olson et al. 2012)a;

(Santas et al. 2013)b;

(Spear et al. 2017)c

Dicamptodon

aterrimus

Idaho giant

salamander

Streams Monitoring

biodiversity

Standard PCRa; qPCR

(Probe)b

PoD 92-100% (depending on

water collection method)b;

LoD: qPCR ~ 0.03 ng/ul

(Goldberg et al. 2011)a;

(Pilliod et al. 2013)b
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Lithobates

catesbeianus

American

bullfrog

Ponds Detection of

INNS

Standard PCR PoD 79% +/- 8%b (Ficetola et al. 2008)a;

(Dejean et al. 2012)b

Pelobates

fuscus

Spadefoot

toad

Ponds Monitoring

biodiversity

qPCR (Probe) PoD 100% (n=9)a; 75% (n=4)b (Thomsen et al. 2012)a;

(Herder et al. n.d.)b

Triturus

cristatus

Great crested

newt

Ponds Monitoring

biodiversity

qPCR (Probe) PoD 91% (n=11)a; 91.2%

(n=239) - 99.3%(n=140)b

(Thomsen et al. 2012)a;

(Biggs et al. 2015)b

Xenopus laevis African

clawed frog

Ponds Detection of

INNS

qPCR (Probe) PoD 83% (n=6); LoD 1

individual / 100 m2

(Secondi et al. 2016)

Fish

Acipenser

medirostris

Green

sturgeon

Tissue

samples,

although

intended

for eDNA or

dietary

analysis of

predator

Diet analysis qPCR (Probe) LoD 0.013 pg/ul (Brandl et al. 2015)
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Acipenser

transmontanu

s

White

sturgeon

Tissue

samples,

although

intended

for eDNA or

dietary

analysis of

predator

Diet analysis qPCR (Probe) LoD 0.026 pg/ul (Brandl et al. 2015)

Carassius

auratus

Goldfish Bait shop

tanks

Detection of

INNS via bait

trade pathway

Standard PCR (Nathan et al. 2015)

Carassius

gibelio

Prussian carp River basin Detection of

INNS

Standard PCR PoD 79.49% (n=15) (Keskin 2014)

Clarias

gariepinus

North African

catfish

River basin Detection of

INNS

Standard PCR PoD 88.89% (n=15) (Keskin 2014)

Ctenopharyng

don idella

Grass carp Large

experiment

al tanks

Detection of

INNS

Standard PCRa; qPCR

and ddPCRb

PoD 100% (n=14)a; LoD: qPCR

0.014 copies/ul; ddPCR 0.13

copies/ulb

(Mahon et al. 2013)a

(Hunter et al. 2017)b
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Cyprinus

carpio

Common carp Ponds Detection of

INNS

qPCR (Probe)a,b; qPCR

(Probe) and ddPCRc

PoD 90% (n=70)a; LoD 50

copies per reactionb

(Takahara et al. 2013)a;

(Eichmiller et al. 2014)b;

(Doi et al. 2015)c

Dorosoma

petenense

Threadfin

shad

Tissue

samples,

although

intended

for eDNA or

dietary

analysis of

predator

Diet analysis qPCR (Probe) LoD 0.64 pg/ul (Brandl et al. 2015)

Esox lucius Pike Aquaria Detection of

INNS

qPCR (Probe) LoD 20 copies per reaction (Olsen et al. 2015)

Etheostoma

boschungi

Slackwater

darter

Rivers

(medium

sized

streams)

Monitoring

biodiversity

Standard PCR PoD 16/29 breeding sites and

7/20 non breeding sites

positive for eDNA compared

to 1/49 for traditional surveys

(Janosik & Johnston 2015)

Eucyclogobius

newberryi

Tidewater

goby

Ocean

shoreline,

large bay

and lagoon

Monitoring

biodiversity

qPCR (Probe) PoD 74% (compared to 39%

for seine netting) (n=254 from

29 sites)

(Schmelzle & Kinziger

2016)
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Hemichromis

letourneuxi

African

jewelfish

Experiment

al ponds

Detection of

INNS

qPCR (Probe) PoD 8.6% (n=324) over all

samples but increasing to 95%

detection probability with

higher fish density

(Moyer et al. 2014)

Hypomesus

nipponensis

Wakasagi

smelt

Large rivers

and estuary

Detection of

INNS and diet

analysis

qPCR (Probe) (Baerwald et al. 2011)

Hypomesus

transpacificus

Delta smelt Large rivers

and estuary

Monitoring of

biodiversity

and diet

analysis

qPCR (Probe) (Baerwald et al. 2011)

Hypophthalmi

chthys molitrix

Silver carp Chicago

area

waterway

(large river

and canal

complex)a;b;

bait shop

tanksc

Detection of

INNS

Standard PCR (Jerde et al. 2011)a;

(Mahon et al. 2013)b;

(Nathan et al. 2015)c

Hypopthalmict

hys nobilis

Bighead carp Chicago

area

waterway

(large river

and canal

complex)a,b;

Detection of

INNS

Standard PCR (Jerde et al. 2011)a;

(Mahon et al. 2013)b;

(Nathan et al. 2015)c
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bait shop

tanksc

Lepomis

gibbosus

Pumpkinseed Aquaria and

outdoor

experiment

al ponds

Detection of

INNS

Standard PCR LoD 4.6 x 10-4 ng/ul (Davison et al. 2016)

Lepomis

macrochirus

Bluegill

sunfish

Ponds Detection of

INNS

qPCRa; qPCR (Probe)

and ddPCRb

PoD 100%a; LoD 1 copy per

reaction (all methods)b

(Takahara et al. 2013)a;

(Doi et al. 2015)b

Leucaspius

delineatus

Sunbleak Aquaria Detection of

INNS

Standard PCR LoD 4.6 x 10-4 ng/ul (Davison et al. 2016)

Macquaria

asustralasica

Macquarie

perch

Tissue

samples,

although

intended

for eDNA or

dietary

analysis of

predator

Detection of

endangered

species in

environmental

and digested

samples

Standard multiplex

PCR with two primer

pairs: a species

specific pair and a

universal fish primer

pair included to

check for DNA

quality. Followed by

gel electrophoresis

(MacDonald et al. 2014)
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Menidia

beryllina

Missisipi

silverside

Large river Diet analysis qPCR (Probe) (Baerwald et al. 2012)

Micropterus

dolomieu

Smallmouth

bass

Tissue

samples,

although

intended

for eDNA or

dietary

analysis of

predator

Diet analysis qPCR (Probe) LoD 0.64 pg/ul (Brandl et al. 2015)

Misgurnus

fossilis

European

weather loach

Ponds,

ditches and

stagnant

water

Monitoring

biodiversity

qPCR (Probe) PoD 54% to 100% in stagnant

water/ditchesa; up to 100% in

pondsb

(Thomsen et al. 2012)a;

(Herder et al. n.d.)b

Mobula

tarapacana

Chilean devil

ray

Sea water

(pelagic sea

mounts)

Monitoring

biodiversity

qPCR (Probe) PoD eDNA detection in 4/5

sites where species observed

and one site where species

not observed

(Gargan et al. 2017)

Morone

saxatilis

Striped bass Tissue

samples,

although

intended

Diet analysis qPCR (Probe) LoD 0.64 pg/ul (Brandl et al. 2015)
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for eDNA or

dietary

analysis of

predator

Mylpharyngdo

n piceus

Black carp Large

experiment

al tanks

Detection of

INNS

Standard PCR PoD 100% (n=14) (Mahon et al. 2013)

Neogobius

melanostomus

Round goby Bait shop

tanks a;

mesocosms
b

Detection of

INNS via bait

trade

pathwaya;

Comparison of

methodsb

Standard PCRa, qPCR

(Probe) and ddPCRb

(Nathan et al. 2015)a;

(Nathan et al. 2014)b

Oncorhynchus

mykiss

Rainbow trout Tissue

samples,

although

intended

for eDNA or

dietary

analysis of

predator

Diet analysis qPCR (Probe) LoD 3.2 pg/ul (Brandl et al. 2015)

Oncorhynchus

tshawytscha

Chinook

salmon

Tissue

samples,

although

intended

Diet analysis qPCR (Probe) LoD 0.64 pg/ul (Brandl et al. 2015)
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for eDNA or

dietary

analysis of

predator

Oreochromis

niloticus

Nile tilapia River basin Detection of

INNS

Standard PCR PoD 80.95% (n=15) (Keskin 2014)

Petromyzon

marinus

Sea lamprey Rivers Monitoring

biodiversity

qPCR (Probe) LoD 0.1 pg/ul (Gustavson et al. 2015)

Pimephales

promelas

Fathead

minnow

Aquaria Detection of

INNS

Standard PCR LoD 0.64 pg/ul (Davison et al. 2016)

Pogonichthys

macrolepidotu

s

Sacramento

Splittail

Tissue

samples,

although

intended

for eDNA or

dietary

analysis of

predator

Diet analysis qPCR (Probe) (Brandl et al. 2015)

Proterorhinus

semilunaris

Tubenose

goby

Bait shop

tanks

Detection of

INNS via bait

trade pathway

Standard PCR (Nathan et al. 2015)
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Pseudoasbora

parva

Topmouth

gudgeon

River basina;

Aquaria and

disused fish

pondsb

Detection of

INNS

Standard PCR PoD 83.33% (n=15)a; LoD: 1.5

x 10-2 ng/ulb
(Keskin 2014)a; (Davison

et al. 2016)b

Ptychocheilus

grandis

Sacramento

pikeminnow

Tissue

samples,

although

intended

for eDNA or

dietary

analysis of

predator

Diet analysis qPCR (Probe) LoD 0.64 pg/ul (Brandl et al. 2015)

Salmo trutta Brown trout Rivers Monitoring

biodiversity

qPCR (Probe) LoD: 0.1 pg/ul (Gustavson et al. 2015)

Salvelinus

confluentus

Bull trout Streams Monitoring of

biodiversity

(species

displaced by S.

fontinalis);

testing assay

sensitivity and

accuracy.

qPCR (Probe) (Wilcox et al. 2013)
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Salvelinus

fontinalis

Brook trout Headwater

streams

Detection of

INNS and

testing assay

sensitivity and

accuracya;

investigating

DNA dynamics

in streamsb

Standard PCRa; qPCR

(Probe) a,b

PoD qPCR: 84-100% for 2 to

10 copies per reaction

respectivelya; 100% detection

240 m downstream of

sourceb; LoD 2 copies per

reaction

(Wilcox et al. 2013)a;

(Jane et al. 2014)b

Salvelinus

namaycush

Lake trout Streams Monitoring of

biodiversity

(species

displaced by S.

fontinalis);

testing assay

sensitivity and

accuracy.

qPCR (Probe) (Wilcox et al. 2013)

Scardinius

erythrophtalm

us

Eurasian rudd Bait shop

tanks

Detection of

INNS via bait

trade pathway

Standard PCR (Nathan et al. 2015)

Spirinchus

thaleichthys

Longfin smelt Tissue

samples,

although

intended

for eDNA or

dietary

analysis of

Diet analysis qPCR (Probe) LoD 0.64 pg/ul (Brandl et al. 2015)
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predator

Zearaja

maugeana

Marine skate Sea water

and large

holding

tanks

Monitoring

biodiversity

qPCR (Probe) PoD Detected in all samples

from holding tanks and the

wild

(Weltz et al. 2017)

Reptiles

Apalone

spinifera

Eastern spiny

softshell

Aquaria Monitoring

biodiversity

Standard PCR (Davy et al. 2015)

Boa

constrictor

Boa

constrictor

Large

wetlands

Detection of

INNS

qPCR (Probe) LoD 1x10-3 ng/ul. (Hunter et al. 2015)

Chelydra

serpentina

Snapping

turtle

Aquaria Monitoring

biodiversity

Standard PCR; qPCR

(Dye)

(Davy et al. 2015)

Chrysemys

picta

Painted turtle Aquaria Monitoring

biodiversity

Standard PCR (Davy et al. 2015)

Clemmys

guttata

Spotted turtle Aquaria Monitoring

biodiversity

Standard PCR; qPCR

(Dye)

(Davy et al. 2015)

Emydoidea

blandingii

Blanding's

turtle

Aquaria Monitoring

biodiversity

Standard PCR (Davy et al. 2015)
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Eunectes

murinus

Green

anaconda

Large

wetlands

Detection of

INNS

qPCR (Probe) LoD 6x10-3 ng/ul. (Hunter et al. 2015)

Eunectes

notaeus

Yellow

anaconda

Large

wetlands

Detection of

INNS

qPCR (Probe) LoD 1x10-4 ng/ul (Hunter et al. 2015)

Glyptemys

insculpta

Wood turtle Aquaria Monitoring

biodiversity

Standard PCR (Davy et al. 2015)

Graptemys

geographica

Northern map

turtle

Aquaria Monitoring

biodiversity

Standard PCR (Davy et al. 2015)

Python

molurus

bivittatus

Burmese

python

Large

wetlands

Detection of

INNS

Standard PCRa; qPCR

(Probe)b

LoD 8x10-6 ng/ulb (Piaggio et al. 2014)a;

(Hunter et al. 2015)b

Python sebae North African

python

Large

wetlands

Detection of

INNS

qPCR (Probe) LoD 1x10-4 ng/ul. (Hunter et al. 2015)

Sternotherus

odoratus

Eastern musk

turtle

Aquaria Monitoring

biodiversity

Standard PCR (Davy et al. 2015)

Trachemys

scripta

Red-eared

slider

Aquaria and

pond

Detection of

INNS

Standard PCR (Davy et al. 2015)

Mammals
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Alces alces Moose Browsed

twigs

Studying

herbivore diet

and foraging

behaviour

Standard PCR:

Assayed on a

Beckman Coulter

CEQ8000. Species

Identified by

combination of

fragment size and

fluorophore

PoD up to 75%; LoD 190 pg/ul (Nichols et al. 2012)

Canis latrans Coyotes Drinking

water

(captive

facility)

Detection of

terrestrial

species from

watering holes

Standard PCR (Rodgers & Mock 2015)

Capreolus

capreolus

Roe deer Browsed

twigs

Studying

herbivore diet

and foraging

behaviour

Standard PCR:

Assayed on a

Beckman Coulter

CEQ8000. Species

Identified by

combination of

fragment size and

fluorophore

PoD up to 75%; LoD 1.7 pg/ul (Nichols et al. 2012)

Cervus dama Fallow deer Browsed

twigs

Studying

herbivore diet

and foraging

behaviour

Standard PCR:

Assayed on a

Beckman Coulter

CEQ8000. Species

Identified by

combination of

PoD up to 75%; LoD 29 pg/ul (Nichols et al. 2012)
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fragment size and

fluorophore

Cervus

elaphus

Red deer Browsed

twigs

Studying

herbivore diet

and foraging

behaviour

Standard PCR:

Assayed on a

Beckman Coulter

CEQ8000. Species

Identified by

combination of

fragment size and

fluorophore

PoD up to 75%; LoD 29 pg/ul (Nichols et al. 2012)

Lutra lutra Eurasian otter Streams

and lakes

Monitoring

biodiversity

qPCR (Probe) PoD 27% (n=15) (Thomsen et al. 2012)

Pan

troglodytes

Chimpanzee Carrion

feeding flies

Mammal

diversity

surveys. Study

also used

metabarcoding

to describe

vertebrate

community

Standard PCR (Calvignac-Spencer et al.

2013)
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Phocena

phocena

Harbour

porpoise

Seawater

from a sea

pen and

open sea

Monitoring

biodiversity

qPCR (Probe) PoD 100% inside pen (n=3),

33% 10 m from pen (n=3),

12.5% in open sea (n=24)

(Foote et al. 2012)

Crustaceans

Asellus

aquaticus

Water hog-

louse

Rivers and

lakes

Detecting

indicator

species

Standard PCR PoD 43% of sites where

species detected in kick

samples (n=7)

(Maechler et al. 2014)

Cambaroides

japonicus

Hokkaido

freshwater

crayfish

Headwater

streams

Monitoring

biodiversity

qPCR (Probe) PoD 100% detection rate in

samples taken from sites with

crayfish captured (n=10)

(Ikeda et al. 2016)

Crangonyx

pseudogracilis

Northern

River

Crangonyctid

Rivers and

lakes

Detection of

INNS

Standard PCR PoD 29.% of sites where

species detected in kick

samples (n=7) ; LoD 1x 10-6

ng/ul

(Maechler et al. 2014)

Daphnia

longispina

Water flea Rivers

(downstrea

m of lake

where

species

present)

Investigating

DNA dynamics

in rivers

Standard PCR PoD Detected at all 11 sites

sampled up to 12.3 km

downstream of population.

3/3 replicates positive except

for at 2 sites where 2/3

positive.

(Deiner & Altermatt 2014)
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Eriocheir

sinensis

Chinese

mitten crab

Ships

ballast

Detection of

INNS

Standard PCR on

Microfluidic chip

PoD 100% in lab trials of

single and mixed species DNA

(Mahon et al. 2011)

Gammarus

pulex

Freshwater

shrimp

River Detecting

indicator

species

Standard PCR PoD 57% of sites where

species detected in kick

samples (n=7)

(Maechler et al. 2014)

Lepidurus

apus

Tadpole

shrimp

Temporary

pools

Monitoring

biodiversity

qPCR (Probe) PoD 100% (n=10) (Thomsen et al. 2012)

Oronectes

rusticus

Rusty crayfish Lakes Detection of

INNS

qPCR (Probe) PoD 100% in lakes where

crayfish known to be present

(n=12)

(Dougherty et al. 2016)

Procambarus

clarkii

Red swamp

crayfish

Ponds Detection of

INNS

qPCR (Probe) LoD 1x10-7 ng/ul (Tréguier et al. 2014); (Cai

et al. 2017)

Molluscs

Ancylus

fluviatilis

Freshwater

limpet

Lakes and

rivers

Detecting

indicator

species

Standard PCR PoD 55% of sites where

species detected in kick

samples (n=9)

(Maechler et al. 2014)

Dreissena

polymorpha

Zebra mussel Lakes and

rivers

Detection of

INNS

Standard PCR PoD 49% (n=39) (Lance & Carr n.d.)



18

Dreissena

polymorpha

and bugensis

Dreissenid

mussels

Lakes and

rivers

Detection of

INNS

qPCR (Probe) LoD 5x10-4 ng/ul (Penarrubia et al. 2016)

Dreissena

rostriformis

bugensis

Quagga

mussel

Ships

ballast;

lakes and

rivers

Detection of

INNS

Standard PCR on

Microfluidic chip

PoD 100% in lab trials of

single and mixed species DNA

(Mahon et al. 2011);

(Lance & Carr n.d.)

Limnoperna

fortuneii

Golden

mussel

Ships

ballast

Detection of

INNS

Standard PCR on

Microfluidic chip

PoD 100% in lab trials of

single and mixed species DNA

(Mahon et al. 2011)

Margaritifera

margaritifera

Freshwater

pearl mussel

Rivers Monitoring

biodiversity

Standard and nested

PCR

PoD LoD 0.1 ng with standard

PCR, 10-4 ng with nested PCR

(Stoeckle et al. 2015)

Octopus

vulgaris

Common

octopus

Aquaria and

sea water

Monitoring

biodiversity

qPCR (Dye) PoD 88% sea water (n=8) (Mauvisseau et al. 2017)

Potamopyrgus

antipodarum

New Zealand

mudsnail

Mesocosms

and large

rivers

Detection of

INNS

qPCR (Probe) LoD Mesocosms: 1 individual

in 1.5 L of water for 2 days ,

Rivers: positive detection

when density >11 individuals

per m^2

(Goldberg et al. 2011)
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Unio tumidus Swollen river

mussel

Rivers

(downstrea

m of lake

where

species

present)

Investigating

DNA dynamics

in rivers

Standard PCR PoD Detected in all 9 sites

sampled up to 9.1 km

downstream of population.

No site positive for 3/3

replicates

(Deiner & Altermatt 2014)

Echinoderms

Asterias

amurensis

Northern

Pacific seastar

Mixed

plankton or

ballast

Detection of

INNS

Standard PCR LoD Can detect a single larvae

in 200 mg plankton

(Deagle et al. 2003)

Insects

Aedes

albopictus

Asian tiger

mosquito

Natural

water

bodies

Detection of

INNS

qPCR (Probe) LoD 7.2x10-7 ng/ul (Schneider et al. 2016)

Aedes

japonicus

Asian bush

mosquito

Natural

water

bodies

Detection of

INNS

qPCR (Probe) LoD 1.194x10-5 ng/ul (Schneider et al. 2016)

Aedes koreicus Aedes

koreicus

Natural

water

bodies

Detection of

INNS

qPCR (Probe) LoD 1.487x10-5 ng/ul (Schneider et al. 2016)
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Baetis

buceratus

Scarce olive

riverfly

Rivers Detecting

indicator

species and

monitoring

biodiversity

Standard PCR PoD 67% of sites where

species detected in kick

samples (n=3); LoD 1x10-5

ng/ul

(Maechler et al. 2014)

Leucorrhinia

pectoralis

White-faced

darter

Ponds Monitoring

biodiversity

qPCR (Probe) PoD 82% (n=11) (Thomsen et al. 2012)

Fungal

Pathogens

Aphanomyces

astaci

Crayfish

plague

Large lakes Pathogen

detection

qPCR (Probe) LoD 1 spore per litre (Vrålstad et al. 2009);

(Strand et al. 2014)

Batrachochytri

um

dendrobatidis

Amphibian

chytrid fungus

Pond water

and

sediments

Pathogen

detection

qPCR (Dye and

Probe)

LoD 10 copies per reaction

with SYBR green and probe

(Kirshtein et al. 2007);

(Hyman & Collins 2012)

Fusarium

oxysporum

Cucumber

wilt fungus

Cucumber

root, soil

and scarid

flies.

Pathogen

detection

qPCR (Dye), and

standard and pseudo-

nested PCR.

LoD 100 copies could be

detected in qPCR (0.0118 fg

DNA/ul) and 10 pg and 10 fg

detected in standard and

pseudo-nested PCR

respectively.

(Scarlett et al. 2013)
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Plants

Cabomba

caroliniana

Fanwort 10 g of leaf

in 1 L water

Detection of

INNS

Standard PCR (Scriver et al. 2015/4)

Egeria densa Brazilian

waterweed

Aquaria and

ponds

Detection of

INNS

qPCR (Probe) PoD 100% in outdoor ponds

(n=5)a

(Fujiwara et al. 2016)a;

(Matsuhashi et al. 2016);

(Scriver et al. 2015/4)

Eichhornia

crassipe

Water

hyacinth

10 g of leaf

in 1 L water

Detection of

INNS

Standard PCR (Scriver et al. 2015/4)

Hydrilla

verticillata

Water thyme Aquaria and

ponds

Detection of

INNS

qPCR (Probe) PoD Detected in 5/21 ponds

sampled. Species observed in

2 of the 5 ponds

(Matsuhashi et al. 2016);

Hydrocharism

orsus ranae

European

frogbit

10 g of leaf

in 1 L water

Detection of

INNS

Standard PCR (Scriver et al. 2015/4)

Myriophyllum

aquaticum

Parrotfeather 10 g of leaf

in 1 L water

Detection of

INNS

Standard PCR (Scriver et al. 2015/4)

Nymphoides

peltata

Yellow

floating heart

10 g of leaf

in 1 L water

Detection of

INNS

Standard PCR (Scriver et al. 2015/4)
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Pistia

stratiotes

Water lettuce 10 g of leaf

in 1 L water

Detection of

INNS

Standard PCR (Scriver et al. 2015/4)

Salvinia

molesta

Giant salvinia 10 g of leaf

in 1 L water

Detection of

INNS

Standard PCR (Scriver et al. 2015/4)

Stratiotes

aloides

Water soldier 10 g of leaf

in 1 L water

Detection of

INNS

Standard PCR (Scriver et al. 2015/4)

Abbreviations: INNS Invasive Non Native Species; PoD Probability of Detection; LoD Limits of Detection. Superscript letters correspond to references in the

same row.
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