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Abstract Environmental managers require a sensi-

tive and reliable means to prove, with the highest level

of confidence possible, where non-native fish species

exist and where they do not. Therefore, a nested PCR

(nPCR) protocol was developed to detect the environ-

mental DNA (eDNA) of a case-study species, top-

mouth gudgeon Pseudorasbora parva, which was

recently the subject of a national eradication campaign

in the UK. The nPCR protocol was tested in the

laboratory and in the field in a series of coordinated

surveys (eDNA and conventional sampling with traps)

at a commercial angling venue in southern England

where an initial eDNA survey, based on conventional

PCR (cPCR), found P. parva to be present in one of the

seven ponds. In the laboratory, the nPCR protocol was

on average 1009 more sensitive than cPCR, providing

a 100% detection rate at DNA concentrations of

3 9 10-8 ng/lL (8 DNA copies per lL). In the field,

nPCR and conventional trapping both detected P.

parva in only one of the seven angling ponds, the same

infested pond as in the previous cPCR-based study.

Following eradication work on the infested pond, no

eDNA of P. parva was detected using nPCR in either

the formerly-infested pond or the adjacent pond,

which had been used to quarantine large commer-

cially-valuable fishes. In management applications

where the veracity of negative results may be of equal

importance as confirmation of positive detections,
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nPCR protocols provide a useful addition to the

analytical toolkit available to inform decision makers

responsible for non-native species management.

Keywords Nested PCR � Conventional trapping �
Eradication � Control and containment � Topmouth

gudgeon � Pseudorasbora parva

Introduction

A major challenge in the conservation and manage-

ment of aquatic ecosystems to combat biological

invasions is the detection of non-native species (NNS),

both as an early warning after their initial introduction

and as a means of determining where to apply

management procedures to eradicate or contain the

unwanted NNS (Simberloff et al. 2005). To address

this challenge, molecular techniques are being devel-

oped to detect species, even when present in very low

abundance, from the environmental DNA (eDNA) that

these organisms shed into the aquatic environment

(Darling and Mahon 2011; Rees et al. 2014; Davison

et al. 2016). These eDNA detection techniques have so

far been used primarily to determine distributions

(Takahara et al. 2013; Adrian-Kalchhauser and

Burkhardt-Holm 2016) or, when next-generation

sequencing methods are used, in studies of biodiver-

sity (Taberlet et al. 2012; Hänfling et al. 2016; Keskin

et al. 2016; Valentini et al. 2016). Indeed, virtually all

applications of eDNA in aquatic environments to date,

whether single-species or meta-barcoding based, have

aimed to prove species presence. However, conserva-

tion management decisions to address biological

invasions, such as whether to attempt an eradication,

can have immense resource implications and therefore

require highly sensitive analytical techniques with

which to prove with the highest possible level of

confidence where the undesirable NNS is absent, in

addition to where it is present.

Another application where eDNA surveys can be

particularly valuable is in assessing the efficacy of

NNS eradication attempts (Dunker et al. 2016; Dav-

ison et al. 2017). A species of particular concern is

topmouth gudgeon Pseudorasbora parva, a small

cyprinid fish that first arrived in Europe as a contam-

inant of Asian carp consignments to Romania in the

1960s and is now widespread throughout the continent

(Gozlan et al. 2010). In the UK, where it arrived via the

same vector in the mid-1980s, P. parva has been the

subject of a nationwide eradication campaign due to

the potential threats the species poses to native fish

species (Gozlan et al. 2005; Britton et al. 2007; Great

Britain Non-native Species Secretariat 2015). Recent

research has demonstrated the value of eDNA tech-

niques, as a complement to conventional sam-

pling/capture methods, for determining P. parva

distribution within a given area to inform management

decisions on eradication procedures (Davison et al.

2017). In that study, at a recreational angling venue in

southeast England, conventional PCR-based eDNA

analysis provided evidence, of sufficiently high degree

of confidence to form the basis of management

decisions, that P. parva had survived an attempted

eradication in one pond but was not present in six

adjacent but unconnected ponds (Davison et al. 2017).

Surveys based on eDNA must consider the risk of

errors due to both ‘false positives’ caused by contam-

ination, and ‘false negatives’ resulting from failure to

capture eDNA in the collected sample, or from

limitations of the laboratory tests used (Guillera-

Arroita et al. 2017). Conservation management deci-

sions can have serious consequences on the allocation

of resources (personnel, consumables, travel) and

potential collateral (environmental, socio-economic,

ecosystem services) damage, and so must be based on

correct information. In terms of economic costs alone,

eradication operations for P. parva at three UK sites

cost between £1.90 and £7.90 per m2 of water surface

(Britton et al. 2008). Monitoring of eradication

success, by any survey technique, also provides a

challenge for managers; if success is declared prema-

turely and management operations ceased, the inva-

sive species can re-establish, resulting in continued

ecological impacts and increased management costs

(Rout et al. 2009; Davies and Britton 2015). Field and

laboratory eDNA protocols of the highest possible

accuracy and reliability are necessary in order to

provide a high degree of confidence in the survey

results so that they can be used to inform management

decisions. This is effectively a transition from ‘proof

of presence’ to ‘proof of absence’, because a positive

eDNA detection can normally be substantiated

through conventional sampling, albeit with greater

effort when extremely rare (infrequent) species are

concerned. Whereas, in the case of a negative

detection for a species’ eDNA, it may be impossible,
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or practically impossible, to prove that the target

species is absent, except where the water body can be

drained down in a manner that allows all specimens to

be captured (again there remains the possibility of

specimens of the target species being missed; e.g. Pot

et al. 1984). Therefore, a more accurate and reliable

eDNA approach is needed, even if this involves

increased financial cost.

To date, single-species eDNA surveys have typi-

cally used either conventional PCR (cPCR) or quan-

titative PCR (qPCR) detection protocols (Goldberg

et al. 2016). Although qPCR is generally considered to

be more sensitive than cPCR (Wilcox et al. 2013;

Tréguier et al. 2014; Biggs et al. 2015), some recent

studies have reported little difference in their detection

ability, e.g. for fish at low density in a mesocosm

experiment (Nathan et al. 2014), and for invasive

freshwater mussels in a river system (De Ventura et al.

2017). A potentially more sensitive approach is nested

PCR (nPCR), which consists of two steps: (1) a cPCR,

followed by (2) a qPCR performed on the product of

the cPCR. This protocol is expected to increase

detection sensitivity but has so far been little used in

aquatic eDNA studies, with one exception being for

the detection of salmonid fish in rivers (Clusa et al.

2017).

The aim of the present study was to develop an

approach, based on conventional and molecular

detection methods, to determine the presence or

absence of P. parva and inform management decisions

on where eradication efforts are warranted. The

specific objectives of this study were to: (1) directly

compare the sensitivity of cPCR and qPCR protocols

in laboratory trials; (2) develop a more sensitive

eDNA protocol, based on a nPCR approach, and

evaluate its sensitivity; (3) undertake coordinated

sampling (conventional trapping and eDNA surveys)

of ponds at a known P. parva site to determine the

species presence/absence in each water body prior to

an eradication attempt; and (4) undertake coordinated

sampling of any infested water body after eradication

to check for continued persistence.

Materials and methods

Overview and study site

The laboratory and field investigations took place in

three stages: (1) development and laboratory testing of

PCR protocols and their eDNA detection sensitivity;

(2) a coordinated, pre-eradication survey of the seven

water bodies at a commercial fishery in south-east

England using conventional and eDNA approaches;

and (3) a post-eradication survey of two of these water

bodies, the angling pond subjected to eradication

measures (henceforth the ‘infested pond’) and the

adjacent ‘holding’ (i.e. quarantine) pond where the

rescued (i.e. large, commercially-valuable) fishes

were held during and after the eradication work

(details given here below).

The commercial fishery (latitude 51�N, longitude

0�E) is the same angling venue where a previous

eDNA survey, using cPCR (Davison et al. 2017),

demonstrated P. parva to be present in only one of the

venue’s seven human-made angling ponds (areas of

0.5 to 2.4 ha). These ponds are surface-water fed only,

i.e. not connected with each other nor with an adjacent

stream that flows along the eastern side of the venue

(for a map, see Fig. 1 in Davison et al. 2017), and any

outflows from the ponds discharge into their own

gravel and reed bed filters that do not retain surface

water. An invasive population of P. parva was

discovered in the infested pond at least as early as

April 2004. An eradication attempt was conducted by

the fishery owners (intensive trapping combined with

introduction of a piscivorous fish species), but the

persistence of a low-density population of P. parva

was confirmed by cPCR of water samples and focused

intensive trapping at the locations where DNA of P.

parva was found (Davison et al. 2017).

Protocol sensitivity testing

Sensitivity tests were conducted using DNA extracted

from P. parva dorsal muscle tissue (DNeasy Blood

and Tissue Kit, Qiagen, Hilden, Germany) collected

from a population in southern England; the sequence

has been deposited in the open-source database

Genbank (www.ncbi.nlm.nih.gov/genbank) with the

accession number KR092385 (Davison et al. 2016).

Several different approaches to defining limit of

detection (LOD) and limit of quantification (LOQ)
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have been suggested, as reviewed by Hunter et al.

(2017). In the present study, LOD is defined as the

minimum amount of target DNA at which positive

detections were recorded in one or more replicates

(following the definition used in other eDNA studies,

e.g. Takahara et al. 2013; Tréguier et al. 2014; Biggs

et al. 2015). LOQ is generally defined as the lowest

amount of target DNA that yields an acceptable level

of precision and accuracy (IUPAC 1995; Tréguier

et al. 2014). In the present study, LOQ has been

specifically defined as detection in 100% of replicates

as per Agersnap et al. (2017). Tests to determine LOD

and LOQ were applied to two sources of DNA,

referred to hereafter as ‘‘total DNA’’ and ‘‘plasmid

DNA’’. ‘‘Total DNA’’ refers to DNA extracted directly

from muscle tissue, and therefore comprises both

genomic and mitochondrial DNA. ‘‘Plasmid DNA’’

refers to targeted mitochondrial DNA obtained using

cloning to create a plasmid solution for use as a stan-

dard, enabling calculation of DNA copy numbers.

Concentrations of both total and plasmid DNA were

measured using a Nanodrop� ND1000 Spectropho-

tometer (Thermo Scientific, Waltham, MA, USA) and

calculated with the software ND-1000 v3.8.1 (Thermo

Scientific).

To obtain the plasmid DNA, a preliminary cPCR

using total DNA from P. parva was performed to

amplify the 350 base-pair target region (Table 1).

Cloning was performed using a TOPO� TA Cloning�

Kit for Sequencing (Invitrogen, Carlsbad, CA, U.S.A.)

with PCR 4-TOPO� vector including competent cells

(Escherichia coli), following the manufacturer’s rec-

ommended protocol. Bacterial colonies were grown

on agar plates with ImMediaTM Amp Blue

(Invitrogen). Colonies not displaying blue colouration

were selected and inoculated in a liquid medium

containing 40 mL of LB-Medium (MP Biomedicals,

Santa Ana, CA) and 50 lg/mL of Ampicillin. The

plasmids were isolated using QIAprep� Spin Mini-

prep Kit (Qiagen) and tested with a cPCR to verify the

success of the incorporation of the mitochondrial

cytochrome c oxidase subunit I (mtCOI) target gene

sequence into the plasmid. Copy numbers for plasmid

DNA standards were calculated from DNA concen-

trations and base-pair lengths using the equation of

Godornes et al. (2007).

Conventional PCR (350 bp)

The cPCR used in all field surveys, and in sensitivity

testing (referred to hereafter as cPCR 350) used

specific primers to amplify P. parva DNA, designed to

amplify a 350 base-pair sequence of the mtCOI gene

(Table 1). Specificity of these primers was tested in

silico against all sequences in the NCBI Genbank

database using the NCBI Primer Blast software (www.

ncbi.nlm.nih.gov/tools/primer-blast/; Ye et al. 2012).

The primers were also tested experimentally in cPCRs

against 0.1 ng genomic DNA extracts from Cyprini-

dae species which are likely to occur at the study site:

common carp Cyprinus carpio, common bream

Abramis brama, roach Rutilus rutilus and rudd Scar-

dinius erythrophthalmus, with none of the triplicate

cPCRs showing amplification for any of these species

(Davison et al. 2016).

A further pair of cPCR primers, referred to

hereafter as cPCR 101, were designed to amplify a

target region of 101 base pairs. The purpose of this

Table 1 Primers used for conventional and quantitative PCR of topmouth gudgeon Pseudorasbora parva

Forward primer (50–30) Reverse primer (50–30) FAM probe (50–30)

cPCR 350 CCTCTTCCGGA

GTAGAGGCT

TAGGATTGGG

TCTCCTCCCC

Not applicable

cPCR 101 GTGTTTCATCAAT

TCTAGGCGCAAT

AGCTCATACAAAT

AAGGGCGTTTGA

Not applicable

qPCR GTGTTTCATCAAT

TCTAGGCGCAAT

AGCTCATACAAAT

AAGGGCGTTTGA

ATATAAAACCTCC

AGCTATTTCC

The cPCR primers targeting a 350 base-pair amplicon (cPCR 350) were designed by Davison et al. (2017). The primer pair used for

cPCR targeting a 101 base-pair amplicon (cPCR 101) and for qPCR (with the addition of a FAM probe) was designed for the present

study
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primer pair was to enable a direct comparison in

sensitivity tests with the pair targeting a longer region

(cPCR 350) to assess whether length of target region

affected sensitivity. This primer pair was used only for

comparative sensitivity testing in the laboratory, and

it was not used in the field surveys.

Conventional PCRs were performed with a total

reaction mixture of 20 lL containing 2 lL of DNA

samples (total DNA, plasmid or eDNA), 0.5 lM of

each specific primer, 10 lL of HotStar Taq� Plus

DNA polymerase 29 (Qiagen Fast Cycling PCR Kit)

and 2 lL of Coral Load Fast Cycling Dye 109

(Qiagen). De-ionised water was added to obtain the

total mixture volume. The cycling conditions were

95 �C for 5 min, followed by 35 cycles of 96 �C for

5 s, 62 �C for 5 s and 68 �C for 12 s, with a final

extension at 72 �C for 1 min. PCR products were

visualised after 60 min of electrophoresis migration

on 2% agarose gel, stained with SYBRTM Gold

Nucleic Acid Gel Stain (Invitrogen). For both labora-

tory validation trials and eDNA field samples, five

cPCR replicates were analysed in each machine run,

on three discrete machine runs (i.e. 15 replicates in

total).

Quantitative and nested PCR

Specific P. parva primers and probes were designed

for qPCR to amplify a 101 base-pair sequence of the

mitochondrial cytochrome c oxidase subunit I (COI)

gene, occurring within the sequence amplified by the

cPCR 350 primers (Table 1). The primers were

successfully tested for specificity in silico against all

sequences in the Genbank database using NCBI

Primer-BLAST software, in which no species likely

to be present at UK freshwater sites corresponded to

the primer pair to within four base-pair mismatches (a

level of mismatch within that used for assessing

specificity by recent fish eDNA studies, e.g. Harper

et al. 2019). The primers were also tested experimen-

tally against genomic DNA of C. carpio, A. brama, R.

rutilus and S. erythrophthalmus, with no amplification

observed. Real-time qPCRs were performed using an

Applied BiosystemsTM Step OneTM system (Applied

Biosystems, Foster City, CA, USA) using the follow-

ing thermocycling profile: 2 min at 50 �C, 10 min at

95 �C, followed by 35 cycles of 15 s denaturation at

95 �C, and 60 s annealing-extension at 60 �C.

PCRs were performed in a 20 lL reaction mixture

containing 2 lL of total DNA, plasmid or eDNA, 1 lL

of assay mix (18 lM forward and reverse primers and

5 lM probe) for the targeted species (Applied Biosys-

temsTM), 10 lL of TaqMan� Genotyping Master Mix

(Applied BiosystemsTM) and 7 lL of de-ionised

water. Samples and standards were analysed in

triplicate. The standard curve comprised a range of

five or six dilutions of a selected standard (plasmid or

total DNA), acting as positive samples to confirm

reaction efficacy. The dilution series was constructed

from the standard on the day of analysis. Finally, the

lengths of the qPCR products were checked using 2%

agarose gel electrophoresis after addition of DNA Gel

Loading Dye (69) (Invitrogen).

The nPCR protocol consisted of two steps: (1) a

cPCR, using the cPCR 350 primer pair and the

protocol described above; and if the initial cPCR

produced a negative result, then (2) a qPCR was

performed on 2 lL from each completed cPCR. Five

cPCR replicates were performed on each sample. Each

cPCR replicate that produced a negative result was

then subjected to qPCR in triplicate.

Coordinated pre- and post-eradication surveys

Water samples were collected on 6 and 7 September

2016 from 12 littoral zone locations spread at

approximately equal distances from each other around

the shores of all ponds, using the same statistically-

designed sampling protocol developed specifically for

these ponds (Davison et al. 2017). Water samples were

collected at about 1.5 m distance from the bank using

a 183-cm-long sampling pole fitted with a 500 mL

polypropylene sampling cup (Camlab Ltd, Cam-

bridge, UK), which, between samples, was disinfected

thoroughly with Microsol 3? sterilising solution

(Anachem Ltd, Luton, UK) and washed with de-

ionised water. New sampling poles and cups were used

for each pond to ensure no contamination risk. The

sampling cup was moved in a standardised manner

from the bank, to the greatest extent reached by the

pole, ensuring no contact with the bottom sediment. At

each sampling location, three replicates of 300 mL

water, obtained using the sampling cup, were injected

through a Sterivex-GP 0.22 lm sterile filter cartridge

(EMD Millipore, Billerica, MA, USA) using a 50 mL

sterile syringe (Thermo Scientific) that is designed to

attach directly onto the cartridge’s input opening.
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Cartridges from each location were sealed in individ-

ual plastic bags and immediately frozen (- 20 �C) for

transportation back to the laboratory. On each sam-

pling day, water from a sterilized bottle of de-ionised

water from the laboratory was also filtered, handled

and transported in the same manner as the pond

samples, and analysed in the laboratory to test for

contamination.

Conventional trapping in each of the angling ponds

consisted of ten, previously-unused, rectangular min-

now traps of 45 cm length and 25 cm width and height

with 3 mm mesh, which were deployed on 7 Septem-

ber 2016 (i.e. same date as eDNA surveying, the use of

new traps to avoid potential DNA contamination).

Traps were baited using fishmeal pellets (21 mm

diameter) and exposed for 12 h, with the numbers of

fish captured recorded for P. parva only. Only five

traps were used in the pond known to contain P. parva

due to a periodical check of the traps revealing high

numbers of P. parva captured. Once P. parva presence

was confirmed, the traps were retrieved.

Post-eradication surveys (eDNA, trapping) were

completed approximately six months after the fishery

undertook procedures to eradicate P. parva. This

consisted of complete drain-down of the infested (i.e.

treatment) pond during which the larger and more

commercially valuable fish were collected, passed

through a salt bath (& 30 ppt) and placed into one of

the adjacent ponds, henceforth the ‘quarantine’ pond.

On 8 June 2017, three replicate water samples of

300 mL were collected (as described above) at 12

littoral zone locations from the treatment and the

quarantine ponds. These samples were collected and

analysed in the same manner as described above.

Laboratory processing of the pond-water samples

In the laboratory, DNA was extracted from the

cartridges using a PowerWater SterivexTM DNA

Isolation Kit (MoBio, Carlsbad, CA, USA), with a

final elution volume of 100 mL. The extracted sample

was then diluted 1:5 in deionised water to dilute

potential inhibitors (McKee et al. 2015), and a nPCR

then performed using the conditions described above

on 2 lL of diluted sample. To confirm that negative

results in the qPCR were not detection errors (‘false

negatives’) caused by PCR inhibition, five replicate

samples from four locations per pond were spiked with

0.01 ng of P. parva total DNA and compared against

controls of deionised water spiked with the same DNA

quantity.

Sample extraction, PCR preparation and post-PCR

analyses were each undertaken in separate rooms of a

laboratory dedicated to molecular biology, observing

strict anti-contamination procedures (no transfer of

equipment between rooms; changing of lab coats

when moving between rooms; thorough cleaning of all

equipment and surfaces before and after use, and

treating of equipment under UV light; use of sterile

filter tips for pipettes). Increased risk of contamination

is an important consideration with nested PCR proto-

cols, due to the increased handling of amplified DNA.

This risk was minimised by placing prepared reagents

into well plates in a fume cabinet in a separate room

from where the completed cPCR template was added,

using different pipettes and gloves.

Statistical analysis

Differences between treatments in the sensitivity

testing (plasmid DNA cPCR 350 vs. plasmid DNA

cPCR 101; plasmid DNA cPCR 350 vs. plasmid DNA

qPCR; total DNA cPCR 350 vs. total DNA qPCR)

were tested by Permutational (Univariate) Analysis of

Variance (PERANOVA). This was based on a one

fixed-factor design consisting of Detection rate at two

levels. PERANOVA was carried out in PERMA-

NOVA ? v1.0.8 for PRIMER v6.1.18 (Anderson

et al. 2008), using a Euclidean distance, 9999 permu-

tations of the residuals under a full model (Anderson

and Robinson 2001), and with statistical effects

evaluated at a = 0.05. Notably, the advantage of

PERANOVA compared to ‘traditional’ (fully para-

metric) ANOVA is that the stringent assumptions of

normality and homoscedasticity, which often prove

unrealistic when dealing with biological data sets, are

‘relaxed’ considerably.

Results

Sensitivity testing

No statistical difference (permutational ANOVA) in

sensitivity was observed between cPCR 350 and

qPCR, in laboratory trials using plasmid DNA

(F1,20
# = 0.924, P = 0.415; # = permutational) or total

DNA (F1,20
# = 0.569, P = 0.480; # = permutational).
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Nested PCR proved the most sensitive of the three

protocols (Fig. 1a, b; Table 2). In trials on plasmid

DNA (Fig. 1b), the LOQ was 3.34 9 10-8 ng/lL

using nPCR, corresponding to 8 DNA copies per lL,

compared to 3.34 9 10-6 ng/lL (764 copies per lL)

using both cPCR 350 and qPCR. At target DNA

concentrations below LOQ, cPCR 350 produced more

positive detections than qPCR for a given concentra-

tion. The LOD for qPCR was 3.34 9 10-8 ng/lL (76

copies per lL), with no positive detections at

3.34 9 10-9 ng/lL, whereas both cPCR 350 and

nPCR produced detections at the lowest DNA con-

centration tested, 3.34 9 10-10 ng/lL (\ 1 copy per

lL), in 20% and 27% of replicates, respectively.

When total DNA was tested (Fig. 1a), nPCR again

proved more sensitive than cPCR 350 or qPCR in

terms of LOQ. In all three protocols, a more sensitive

LOQ (i.e. more detections at low concentrations) was

achieved when using plasmid DNA than when using

total DNA. Although the LOQ showed less sensitivity

using cPCR than using qPCR, at concentrations below

qPCR LOQ there was a higher probability of detection

using cPCR 350 (e.g. 31% of replicates at

9.79 9 10-5 ng/lL) than using qPCR (11% of repli-

cates at 9.79 9 10-5 ng/lL). As with plasmid DNA,

the number of detections using qPCR declined to zero

before cPCR and nPCR (qPCR no detections at or

below 9.79 9 10-6 ng/lL, nPCR detections in 15%
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Fig. 1 Sensitivity test

results for conventional

PCR (cPCR 350, 15

replicates), quantitative

PCR (qPCR, 3 replicates)

and nested PCR (nPCR, up

to 15 replicates if undetected

at cPCR stage) detection of

topmouth gudgeon

Pseudorasbora parva in the

laboratory using total DNA

and plasmid DNA standards
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of replicates at 9.79 9 10-8 ng/lL, cPCR 350 detec-

tions in 8% of replicates at 9.79 9 10-8 ng/lL).

There were no statistically significant differences in

sensitivity between cPCR 350 and cPCR 101

(F1,20
# = 0.569, P = 0.480; # = permutational).

Field surveys

In pre-eradication surveys, both eDNA and trapping,

P. parva was detected in one pond only, the known

infested (i.e. treatment) pond, with eDNA detection at

the first (cPCR) stage of the nPCR protocol, thus

confirming the previous cPCR results of Davison et al.

(2017). All water samples from the other six ponds of

this angling venue were negative for DNA of P. parva,

and this included all replicates at both the cPCR and

qPCR stages of the nPCR protocol. No inhibition was

detected in any sample (following the dilution steps

undertaken to reduce inhibition). All positive controls

(total DNA controls in the cPCR stage, and plasmid

DNA standard curves in the qPCR) demonstrated

successful amplification.

In the post-eradication surveys, all water and

trappings samples from both the treatment pond and

the quarantine pond yielded negative results, including

all replicates at both the cPCR stage and the final

qPCR stage of the nPCR protocol. No inhibition of

eDNA was detected, and all positive controls demon-

strated successful amplification.

Discussion

All three protocols (cPCR, qPCR and nPCR) proved to

be applicable for evaluating the success of the P. parva

eradication operation. The greater sensitivity of nPCR

in the present study, relative to cPCR or qPCR

approaches, confirms the results of two similar studies

(Clusa et al. 2017; Jackson et al. 2017). The LOQ of

the nPCR was lower than the detection limit of

1 9 10-5 ng/lL reported by Clusa et al. (2017),

whereas Agersnap et al. (2017) demonstrated a higher

level of sensitivity (LOD and LOQ of one copy per lL

of extracted sample) using qPCR than was recorded in

this study. A LOD of less than one copy number per

reaction has been reported in other studies using qPCR

(Hunter et al. 2017; Serrao et al. 2017).

The increased sensitivity demonstrated by this

nPCR protocol is likely to be largely a consequence

of the increased number of cycles, with 70 in the two

rounds of amplification compared to 35 in the cPCR or

qPCR alone. Increased sensitivity could potentially

have been obtained from the cPCR or qPCR protocols

by increasing the number of cycles to 45–55 as used in

some other eDNA studies (e.g. Tréguier et al. 2014;

Biggs et al. 2015). However, one potential advantage

of the nPCR approach is that it uses refreshed (new)

reagents after 35 cycles. Length of DNA amplicon

targeted by the primers is another factor that could

conceivably affect sensitivity (Deagle et al. 2006), but

comparative testing of cPCR primers for two different

fragment lengths (101 bp and 350 bp) showed no

statistical difference in the present study. Piggott

(2016) similarly found no evidence that target ampli-

con size was a limiting factor in eDNA detectability.

In comparative tests using plasmid DNA, qPCR

was not found to be more sensitive than cPCR (Fig. 1),

although it should be noted that there were differences

between the two protocols, e.g. different reagents and

fragment target lengths. This contradicts some other

studies (e.g. Tréguier et al. 2014; Biggs et al. 2015;

Piggott 2016) but is consistent with others (e.g. Nathan

et al. 2014; De Ventura et al. 2017). Indeed, at

concentrations below the 100% detection limit, more

Table 2 Limit of detection (LOD) and limit of quantitation (LOQ) in laboratory sensitivity tests for Pseudorasbora parva primers,

using conventional (cPCR), quantitative (qPCR) and nested (nPCR) PCR protocols

Plasmid DNA Total DNA

cPCR qPCR nPCR cPCR qPCR nPCR

LOD (ng/lL) 3.34 9 10-10 3.34 9 10-8 3.34 9 10-10 9.79 9 10-8 9.79 9 10-5 9.79 9 10-8

LOQ (ng/lL) 3.34 9 10-6 3.34 9 10-6 3.34 9 10-8 9.79 9 10-2 9.79 9 10-4 9.79 9 10-6

LOD is defined here as the lowest DNA concentration detected in any replicate (cPCR: 15 replicates; qPCR: 9 replicates). LOQ is

defined as lowest DNA concentration detected in all replicates
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detections were obtained using cPCR than with qPCR.

In such circumstances, where both positive and

negative results are obtained from a set of replicates,

it would be important in a management context to set a

threshold limit on the number of positive replicates

required before assigning presence/absence status. De

Ventura et al. (2017) similarly found cPCR to provide

a more robust protocol than qPCR in a direct

comparison, producing fewer false negatives at very

low target DNA concentrations. This is despite the

inherent challenge of interpretation of weak bands,

which in cPCR may be on the borderline of visual

acuity of the observer. These findings, particularly

when the lower financial costs are considered, demon-

strate that cPCR remains an effective tool, particularly

for routine monitoring and/or survey applications.

Plasmid DNA provided a much lower value for

sensitivity (LOQ) than total DNA, using all three PCR

protocols. This demonstrates one of the difficulties in

comparing protocol sensitivity between different

studies, with some reporting values for DNA sensi-

tivity based on total tissue-extracted DNA (e.g.

Tréguier et al. 2014; Biggs et al. 2015) whereas others

base these values on plasmid DNA (e.g. Takahara

et al. 2012; Jane et al. 2015). The use of plasmid DNA

enables the calculation of copy numbers for reporting

relative sensitivities of protocols as recommended by

Goldberg et al. (2016).

‘Proving a negative’, i.e. declaring a species to be

absent using any survey method, is difficult due to the

inherent uncertainty that is associated with any form of

field sampling approach (Rout et al. 2009; Britton et al.

2011). Detection rates using conventional methods are

well known to vary according to the gear used (e.g.

Jackson and Harvey 1997), in the use of citizen

science (e.g. Ruiz-Gutierrez et al. 2016), and the

spatial scale used (Barry and Elith 2006). Even a

moderate variation in the technique used to apply a

sampling method, such as how the dip net is handled in

the water during point-abundance sampling by elec-

trofishing (Copp and Garner 1995), will affect the

likelihood of capturing a species and consequently its

‘detection’ for purposes of calculating species rich-

ness. However, any increase in the sensitivity of a

sampling protocol, such as seen here with the nPCR

protocol, provides increased confidence in a negative

detection result. For example, the nPCR protocol

presented here was up to 1009 more sensitive at

detecting plasmid DNA than the cPCR protocol used

previously to survey these same water bodies (Davison

et al. 2017). The increased sensitivity did not, in this

instance, result in detections that would not have been

achieved by cPCR or conventional trapping, and

further field trials on water bodies containing smaller

populations of the target species would be beneficial to

demonstrate the merit of the technique. The extent to

which this increased sensitivity translates into

increased detections in environmental samples (i.e.

to assess the level of sensitivity that is required from

the laboratory protocol to detect eDNA from a small

fish population in a water body of a given size)

requires further study. False negatives can derive from

several stages in sampling design, in both field and

laboratory (Darling and Mahon 2011). In field appli-

cations, it is conceivable that modifications to sam-

pling strategy, such as sampling location (within a

water body) or quantity of water filtered, may have as

great an effect on the overall result (i.e. positive/

negative) as improvements to the sensitivity of the

laboratory protocol.

The results of the eDNA survey of the seven water

bodies matched the results of the conventional sam-

pling, with both methods detecting P. parva in the

known infested pond, and neither method detecting the

species in the six remaining ponds. Experimental trials

(in 100 m2 mesocosms) have demonstrated that trap-

ping is not completely effective at detecting P. parva

at low densities (Britton et al. 2011). Baited traps

(deployed for 1 h) showed 100% detection at densities

[ 0.5 m-2, but imperfect detection at densities of

0.02 and 0.1 m-2 (Britton et al. 2011). Surveys of

other fish species using eDNA methods have fre-

quently proved more effective than conventional

methods at detecting species (e.g. Takahara et al.

2013; Janosik and Johnston 2015; Sigsgaard et al.

2015). Further study would be needed to determine the

efficiency of eDNA sampling, relative to conventional

sampling, at varying population densities, as such

comparisons will be species specific (Hinlo et al.

2017) and are also likely to be site specific.

Following draw-down of the infested pond by the

fishery owners, the negative eDNA detection for P.

parva in the infested and quarantine ponds indicated

that eradication of the infested pond had been

successful and that it was highly unlikely that any P.

parva were transferred into the quarantine holding

pond. The six-month delay between eradication and

water sampling would have provided sufficient time
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for: (1) any surviving P. parva to introduce more

eDNA into the ponds (and possibly even reproduce, as

spawning in southern England occurs between April

and June; Beyer 2008), and (2) any remaining DNA

from dead/removed P. parva to degrade to non-

detectable levels (Dejean et al. 2011). The present

study, therefore, clearly demonstrates the potential of

eDNA surveying as a tool to identify which water

bodies require eradication efforts and to assess the

success of those eradication attempts (Dunker et al.

2016; Davison et al. 2017).

Environmental DNA surveys are often seen as a

less-expensive substitute for conventional methods

(Biggs et al. 2015; Sigsgaard et al. 2015), although this

does not hold true for all sampling programmes under

all circumstances (Smart et al. 2016). For example, to

detect brook trout Salvelinus fontinalis in streams,

eDNA analysis imposed 67% less cost than triple-pass

electrofishing and required lower sampling effort

(Evans et al. 2017). However, for simple presence/

absence detection in that study, eDNA was more

expensive than electrofishing, when fishing operations

were halted upon first detection of the target species.

Conventional fish surveying approaches can also

provide information on population structure, which

eDNA surveys cannot, and therefore eDNA sampling

may in some applications represent a complement,

rather than an alternative, to conventional sampling.

The work required to confirm definitive absence of

an invasive fish species in a pond would be both costly

and potentially environmentally destructive. The

enhanced sensitivity of the nPCR protocol provides

increased confidence that the negative results obtained

were not ‘false negatives’, but this comes at increased

financial cost. In the present study, the extra analysis

involved with the two steps of the nPCR protocol

increased the combined costs of consumables and

laboratory analysis by 1.69. Despite these consider-

ations, nPCR protocols are recommended for any

eDNA survey in which a high level of confidence is

required in the declaration of a negative result, e.g.

where the presence or absence of a species will form

the basis of decisions for management action.
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Davison PI, Créach V, Liang W-J, Andreou D, Britton JR, Copp

GH (2016) Laboratory and field validation of a simple

method for detecting four species of non-native freshwater

fish using eDNA. J Fish Biol 89:1782–1793
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