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Abstract Containing the spread of established inva-

sive species is critical for minimizing their ecological

impact. Effective containment requires sensitive sam-

pling methods capable of detecting new introductions

when invaders are at low density. Here we explore

whether environmental DNA (eDNA) sampling could

be used as a surveillance tool to detect new incursions

of aquatic invasive species on offshore islands. We

develop an eDNA molecular assay for invasive cane

toads (Rhinella marina) in Australia, validate our

assay on the mainland, and apply it to an offshore

island (Moreton Island) that is a target of ongoing cane

toad surveillance. Our eDNA assay correctly identi-

fied four mainland sites at which cane toads were

observed, as well as a fifth site within 1 km of known

populations. Five additional sites outside the cane

toad’s current distribution tested negative for cane

toad eDNA. Site occupancy detection models indi-

cated that two water samples and three qPCR repli-

cates were sufficient to achieve a cumulate detection

probability[ 0.95. Applying our eDNA assay to

samples from 19 sites on an offshore island over a

2-year period revealed the absence of cane toad

eDNA, in line with our current understanding of cane

toad distribution. Our results suggest that eDNA

sampling could be strategically applied to meet the

Australian Commonwealth’s objective of maintaining

cane toad-free offshore islands.
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Introduction

Once a non-native species becomes established in a

new area, the likelihood of successful eradication

markedly declines. Thus, in many cases, the most cost-

efficient approach to minimize the ecological impact

of established invaders is to contain their spread

(Epanchin-Niell and Hastings 2010). Effective con-

tainment requires ongoing monitoring to ensure that

new incursions are detected before a species can

successfully establish. Environmental DNA (eDNA)
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sampling—detection of a species’ extracellular DNA

in environmental samples—is a sensitive monitoring

method capable of detecting species at low densities

(Pilliod et al. 2013; Smart et al. 2015; Dougherty et al.

2016); eDNA sampling could, therefore, act as an

early warning signal for new incursions ahead of

invasion fronts, or on offshore islands (Xia et al. 2018;

Tingley et al. 2017).

Globally, offshore islands provide important

refuges for taxa threatened by invasive species on

mainland areas. In Australia, offshore islands host

some of the last remaining strongholds for populations

of species that have declined on the mainland due to

widespread invasive species, such as the cane toad,

Rhinella marina. Consequently, in its cane toad threat

abatement plan, the Australian Commonwealth iden-

tified the maintenance of cane toad-free offshore

islands as a key management priority (Commonwealth

of Australia 2011). To achieve that aim, we urgently

need sensitive and cost-efficient monitoring methods

that can be applied to areas at risk of invasion, such as

transport hubs and tourist destinations.

In this note, we develop an eDNA quantitative PCR

(qPCR) assay for detecting the presence of R. marina

on offshore islands. We validate this assay on known

mainland R. marina populations and apply it to an

offshore island frequented by tourists and therefore at

risk of R. marina invasion.

Methods

Sample collection: eDNA validation

In April 2017, we validated our eDNA assay at five

separate mainland waterbodies in the Clarence Valley

region of coastal northern New South Wales (Yamba,

Angourie, and Mororo) that were within the current

distribution of R. marina. Adult R. marina were

observed at four of those sites during water sample

collection; tadpoles were observed at three sites. We

also evaluated the specificity of our eDNA assay at

five waterbodies that were between 20 and 650 km

from the known distribution of toads in New South

Wales (Shark Creek, Avoca, Taren Point, and Nowra;

Fig. 1a). Both permanent and ephemeral waterbodies

were sampled; waterbodies were between * 75 and

1500 m3. At each site, we took three 20–240 mLwater

samples with Hapool sterilized disposable syringes

(Shandong Hapool Medical Technology, China).

Water was drawn from the site with the syringe and

passed through an attachable (leur lock) Sterivex�

0.22 lm filter unit (Merck, Germany). Variation in

water volumes filtered through the Sterivex� units was

largely due to the filters clogging. These filters are an

efficient DNA capture method (Spens et al. 2016),

despite increased risk of clogging. Samples were

collected from approximately equidistant locations

around the edge of each water body. Filter units were

stored on ice in a dark storage container following

collection, and shipped to The University of Mel-

bourne, Victoria for processing. Once at the labora-

tory, samples were stored at - 20 �C until DNA

extraction could occur.

Sample collection: eDNA application

We applied our eDNA assay to 19 waterbodies on

Moreton Island, Queensland, a large offshore island

25 km from the mainland (Fig. 1b). Rhinella marina

colonised the closest large mainland city (Brisbane) in

1945. Importantly, Moreton Island lies within the cane

toad’s fundamental niche (Fig. 1; Kearney et al.

2008).

Moreton Island has two main access points: Wrecks

campground (- 27.162595�, 153.370517�) and Tan-

galooma Island Resort (- 27.181140�, 153.371733�).
Live and dead adult R. marina have been found

occasionally on the island, most likely due to hitch-

hiking on camping gear from visitors. Dead R. marina

have also been observed washed up on beaches. Since

2013, Brisbane City Council have deployed R. marina

scent detection dogs on several occasions each year for

detecting R. marina incursions and/or breeding on the

island. While the scent detection dogs have detected

several R. marina adults, to date there has been no

evidence of breeding on the island, and no groups of

cane toads have been observed.

eDNA sampling on Moreton Island was undertaken

on two occasions (December 2016 and May 2017) and

was targeted at waterbodies where the scent detector

dogs had given an indication of R. marina presence but

visual searches had revealed no R. marina individuals.

Eleven sites were sampled in December 2016 over

2 days, and 12 sites were sampled in May 2017 over

2 days. Four of the sites sampled in 2017 were also

sampled in 2016. Samples were taken as above, with

123

2 R. Tingley et al.



60–300 mL water passed through the Sterivex� filter

units.

Probe development, DNA extraction and qPCR

analysis

Species-specific primers and a TaqMan� minor

groove binding (MGB) probe were developed for R.

marina to target an 80 bp fragment spanning part of

the mitochondrial tRNA-Gly and NADH dehydroge-

nase subunit 3 (ND3) genes; there is only one

haplotype of this region known to be present in

Australia (Slade and Moritz 1998). The primers and

probe were ordered as a custom TaqMan� gene

expression assay from Life Technologies; forward

primer R.Marina_ND3_F ACCCCAGGAGAAA

ATAATGTCTCT, reverse primer R.Marina_ND3_R

ACCAGAAGCTAACAGTGGCTAAAAT, MGB

probe R.Marina_ND3_MGB CAATTGCTAGGG-

TAATAAA. Primer specificity was checked using a

Blast search of the NCBI nucleotide database, with no

close matches found outside of R. marina.

DNA was extracted from the filters using the

Qiagen DNeasy Blood & Tissue Kit (using the spin-

column protocol). 540 lL of ATL buffer and 40 lL of

proteinase K were added to each filter unit. Each filter

was then sealed and incubated at 56 �C for 3 h with

constant agitation. The lysis solution was transferred

into new 2 mL tubes. Hereafter the Qiagen DNeasy

Blood & Tissue Kit manufacturers protocol was

followed for the remaining part of the DNA extraction,

with the following minor adjustments: 500 lL AL

buffer, 500 lL ethanol, and final elution step of

100 lL AE buffer for each sample.

Real-time TaqMan� PCR assays were conducted

using a Roche LightCycler 480 system in a 384-well

format. 10 lL reactions containing 5 lL of 2 9 Qi-

agen multiplex PCR Master Mix (Qiagen),

0.5 lL 20 9 TaqMan� Gene Expression Assay,

2.5 lL ddH2O, and 2 lL of DNA were prepared in

triplicate. Included in each 384-well assay plate were

control reactions containing 10, 1, 0.1 0.01 0.001,

0.0001 ng of R. marina DNA and a negative control

with no DNA template. The amplification occurred in

Fig. 1 a Breeding season

length for cane toads as

predicted by a

ecophysiological model

(Kearney et al. 2008). The

dark line demarcates the

toad’s distribution as of

2017 (Tingley et al. 2017).

The hollow stars on the

mainland show the locations

at which eDNA samples

were collected to validate

the eDNA assay. The black

circle and arrow on the east

coast show the location of

Moreton Island, where the

eDNA assay was applied.

The inset b shows the

approximate locations at

which eDNA samples were

collected on Moreton Island
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conditions of 15 min at 95 �C, followed by 15 s at

95 �C and 1 min at 60 �C for 50 cycles. The ampli-

fication profiles of each PCR were used to determine

the crossing point (Cp) value using the Absolute

Quantification module of the LightCycler� 480 soft-

ware package. A TaqMan� Exogenous Internal Pos-

itive Control VIC probe was run for each sample to test

for the presence of PCR inhibitors. No inhibition was

detected. The qPCR reaction efficiency calculated

from the DNA standard was 100%, while the R2 value

was 0.99.

All extractions and qPCR analysis were undertaken

in a room that is dedicated to low-quantity DNA

sources. Negative controls were included at all stages

(DNA extraction, qPCR) so that contamination issues

could be identified if present. No contamination was

detected. A sample was considered positive if 1/3

qPCR replicates detected the target DNA.

Site occupancy detection modelling

To analyse eDNA data from the five sites within the

toad’s distribution, we used a site occupancy detection

framework. Our model was defined by a sequence of

Bernoulli trials:

zi �Bernoulli wð Þ

aijjzi �Bernoulli zihð Þ

yijkjaij �Bernoulli aijx
� �

where zi describes the latent presence (zi = 1) or

absence (zi = 0) of toad eDNA at site i given the

probability of occupancy w; and aij denotes the

presence (aij = 1) or absence (aij ¼ 0Þ of toad eDNA

in water sample j from site i, as a function of the

occurrence of eDNA, zi, and the availability proba-

bility h. The observed detection data yijk are a function
of the occurrence of eDNA in water sample j from site

i, and the probability of detecting eDNA in quantita-

tive PCR (qPCR) replicate k, x (Schmidt et al. 2013;

Lugg et al. 2018).

We estimated conditional cumulative availability

probabilities (h�) and qPCR detection probabilities

(x�) for eDNA sampling, using mean estimates of

eDNA availability probability (h), and qPCR detection

probability (xÞ respectively, estimated from the site

occupancy detection model.

h� ¼ 1� 1� hð ÞK

x� ¼ 1� 1� xð ÞK

where h�, and x� are conditional cumulative proba-

bilities of detection following K water samples/qPCR

replicates, respectively (Schmidt et al. 2013).

Models were fit in R v3.2.1 (R Core Team 2016)

using JAGS v3.4.0 (Plummer 2003) and the R2jags

package (Su and Yajima 2015). Three Markov chains

were each run for 50,000 iterations, discarding the first

20,000 iterations of each chain. Prior distributions for

h and x were specified as logistically distributed with

location = 0 and scale = 1 on the logit scale. The prior

distribution for w was specified as logistically dis-

tributed with location = 1.5 and scale = 0.5 on the

logit scale (with higher weight given to high proba-

bilities of occurrence), to account for our prior

knowledge of toad occurrence at the five sites. Trace

plots indicated chains were well mixed; all R hat

values were * 1.0.

Results and discussion

Our eDNA assay detected the presence of R. marina

eDNA at all four mainland sites at which toads were

visually observed (average concentrations at each site

were 5 pg/L, 14 pg/L, 632 pg/L and 1707 pg/L).

Consequently, site occupancy detection models esti-

mated a high probability of occupancy (Mean w [95%

credible interval] = 0.812 [0.431, 0.998]). Impor-

tantly, mean estimates of eDNA availability at the

water sample level (h = 0.857 [0.606, 0.991]) and of

probability of detection at the qPCR level (x = 0.731

[0.566, 0.867]) suggested that two water samples and

three qPCR replicates (the number of replicates used

here) were sufficient to achieve a cumulative detection

probability[ 0.95 (Fig. 2). Thus, eDNA sampling

appears to be a highly sensitive tool for detecting cane

toad populations.

Two out of three water samples from a fifth

mainland site where toads were not visually detected

also tested positive for toad eDNA (1/3 and 2/3 qPCR

replicates, with a mean concentration of 6 pg/L).

While false positive detections are always a possibility

with environmental samples (Lahoz-Monfort et al.

2016), several lines of evidence suggest that this was

not the case here. First, additional qPCR replicates run
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on these two positive samples also detected the

species’ eDNA (1/3 samples with 2/3 qPCR repli-

cates). Second, none of the DNA extraction blanks or

qPCR blanks successfully amplified R. marina eDNA,

suggesting that laboratory contamination of samples

was unlikely. Third, three replicate samples from each

of five sites outside the current distribution of R.

marina tested negative for toad eDNA. The probabil-

ity of any one of those five sites being occupied, given

the observed detection histories (000), was very low:

(1 - h)3 = 0.00299. Finally, this fifth mainland site

was within 1 km of known R. marina populations,

suggesting that the species may have indeed colonised

this location but not been visually detected. Collec-

tively, these results suggest that our eDNA assay is not

only sensitive but also specific. Nonetheless, we

recommend that new detections (e.g., ahead of inva-

sion fronts or on islands) be interrogated by running

additional qPCRs on positive samples, and/or by

collecting additional water samples from the site(s) in

question, prior to development of a formal manage-

ment response.

Our assay revealed a lack of R. marina eDNA at

high-risk areas frequented by tourists on Moreton

Island, which is currently thought to be free of R.

marina. High probabilities of detection on mainland

Australia, coupled with ongoing surveillance efforts

on the island, suggest that this island indeed lacks

established cane toad populations. The eDNA assay

developed here could be applied to additional ongoing

surveillance programs in high-risk areas where R.

marina is currently absent, or where eradication

efforts are underway. The eDNA assay may be

particularly useful on islands in northern Australia

that harbour predators that are sensitive to the toad’s

toxin, such as northern quolls (Dasyurus hallucatus).

Our assay could also be applied to islands throughout

the Caribbean and Pacific where cane toads have

established non-native populations.

Our results contribute to a growing body of

evidence that eDNA sampling is a highly sensitive

technique for monitoring the spread of invasive

species (Dejean et al. 2012; Smart et al. 2015;

Adrian-Kalchhauser and Burkhardt-Holm 2016;

Dougherty et al. 2016). Judicious application of

eDNA sampling to high-risk transport hubs, such as

air and sea ports or tourist areas, could provide an

effective means with which to contain invader spread

and protect key biodiversity assets.
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Fig. 2 Cumulative

availability probabilities

a and qPCR b detection

probabilities of eDNA

sampling for cane toads

Rhinella marina at five sites

on the Australian mainland.

Boxes show medians (dark

lines) with interquartile

ranges. The broken

horizontal line represents a

cumulative detection

probability = 0.95
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