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Genetic sampling for identification of species, subspecies or stock of whales, dolphins

and porpoises at sea remains challenging. Most samples have been collected with some

form of a biopsy dart requiring a close approach of a vessel while the individual is at the

surface. Here we have adopted droplet digital (dd)PCR technology for detection and

species identification of cetaceans using environmental (e)DNA collected from seawater.

We conducted a series of eDNA sampling experiments during 25 encounters with killer

whales, Orcinus orca, in Puget Sound (the Salish Sea). The regular habits of killer whales

in these inshore waters allowed us to locate pods and collect seawater, at an initial

distance of 200m and at 15-min intervals, for up to 2 h after the passage of the whales.

To optimize detection, we designed a set of oligonucleotide primers and probes to target

short fragments of themitochondrial (mt)DNA control region, with a focus on identification

of known killer whale ecotypes. We confirmed the potential to detect eDNA in the wake

of the whales for up to 2 h, despite movement of the water mass by several kilometers

due to tidal currents. Re-amplification and sequencing of the eDNA barcode confirmed

that the ddPCR detection included the “southern resident community” of killer whales,

consistent with the calls from hydrophone recordings and visual observations.

Keywords: ddPCR, DNA barcoding, taxonomic, Killer whale, eDNA, mtDNA

INTRODUCTION

Non-lethal genetic sampling for identification of whales, dolphins, and porpoises (cetaceans) at sea
remains challenging. Most samples have been collected with some form of a biopsy dart projected
with a crossbow (Lambertsen, 1987) or a modified veterinary capture rifle (Krützen et al., 2002).
This requires a close approach of a vessel, usually within 10–20 m, while the individual is at the
surface. It is also limiting because of access, distribution, or behavior of cetaceans. Some species
are rare, cryptic, or both, e.g., beaked whales (Dalebout et al., 2004). Others species are difficult to
approach because of their elusive behavior, e.g., the pygmy and dwarf sperm whale. Finally, some
species are considered sensitive to disturbance from the close approach of a vessel or the biopsy
sample itself (Noren and Mocklin, 2011).

Advances in analyses of environmental (e)DNA now offer an alternative for detection and
identification of rare, cryptic, or vulnerable cetacean species. Here the DNA that is shed or excreted
from individuals during normal activity can be collected from the environment, concentrated, and
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amplified via the Polymerase Chain Reaction (PCR) using
primers targeted for specific taxonomic groups. eDNA has been
used widely to detect vertebrate species in freshwater systems
(Ficetola et al., 2008; Jerde et al., 2011; Ma et al., 2016; Stewart
et al., 2017), and is now finding a growing number of applications
in the marine environment (Thomsen et al., 2012), including
detection and identification of marine megafauna (Foote et al.,
2012; Port et al., 2016; Sigsgaard et al., 2016; Andruszkiewicz
et al., 2017; Bakker et al., 2017; Gargan et al., 2017). Whales,
dolphins and porpoises represent good candidates for eDNA
sampling given their known tendency to release cellular DNA in
shed skin (Amos et al., 1992), fecal plumes (Parsons, 1999), and
the “spout” or blow (Hunt et al., 2013).

The methodology for eDNA sampling is advancing rapidly
as the number and range of application increases. One of these
advances is droplet-digital (dd)PCR. ddPCR is a powerful new
technology for quantifying low levels of DNA by fractionating
a PCR reaction into more than 20,000 droplets using an oil
emulsion (Doi et al., 2015). Amplification of the target DNA is
quantified by incorporating a fluorescent dye directly into the
amplicon reaction or into a molecular probe designed to target
a specific sequence bracketed by the PCR primers. The target-
positive and target-negative droplets are individually counted by
passing them in a single stream through a fluorescence detector
similar to a flow cytometer. The ratio of the target-positive to the
target-negative droplets is used to estimate the number of copies
of the target DNA in the sample, under the assumptions that
the target molecules are distributed among the 20,000 droplets
according to a Poisson function. Thus, unlike conventional
qPCR, ddPCR allows for direct quantification without the need
for standard curves, eliminating the variance associated with
creating and running standards with each batch (Cao et al.,
2016).

Here, we have investigated the potential for ddPCR to detect
eDNA from seawater collected following the passage of killer
whales, Orcinus orca, in Puget Sound (the Salish Sea). For
this, we took advantage of methods previously developed for
species identification of cetacean products sold in Japanese
and Korea markets (e.g., Baker and Palumbi, 1994; Baker
et al., 2006), including a comprehensive reference database
of mitochondrial (mt)DNA sequences from most recognized
species of cetaceans (Ross et al., 2003; Dalebout et al., 2004).
From these reference sequences, we designed primers for short
fragments of themtDNA, referred to as “mini-barcodes,” to target
killer whales and improve amplification of degraded DNA. We
chose killer whales in Puget Sound for this initial investigation
because their well-described habits allowed us to locate and
sample individuals or groups efficiently (Hauser et al., 2007).
Additionally, the local distribution of killer whales includes
multiple “communities” and ecotypes, identifiable by distinct
vocalizations (Ford, 1991) and distinct mtDNA haplotypes
(Parsons et al., 2013). This overlapping distribution includes the
critically endangered “southern resident” community of killer
whales (Hauser et al., 2007). Our sampling design was intended to
quantify eDNA from the “wake of the whales,” i.e., from directed
sampling assisted by visual or acoustic localization. However,
the result of our serial sampling also provide some insight into

the potential for spatial sampling of eDNA for the purposes of
describing habitat use or estimating “occupancy” in the marine
environment.

MATERIALS AND METHODS

Field Surveys
Killer whales were located in the waters around the San Juan
Islands during small-boat surveys operating out of the Friday
Harbor Laboratory (FHL), during August and September 2015
(Figure 1). At each encounter with killer whales, the boat was
moved into position 200m behind the whales (to comply with
local whale watching regulations, NOAA, 2011). A Lagrangian
drifter (MicrostarTM GPS drifter, Pacific Gyre Inc., Oceanside,
CA, USA) was launched to maintain position in the water
mass after the whales passed. The drifter tracked currents at
1m beneath the surface and also recorded the sea surface
temperature. Location and temperature data was stored in 30 s
intervals on the instrument and downloaded after recovery. A
Zoom H4n ProTM (Zoom North America Inc., Hauppauge, NY,
USA) handheld recorder and an HTI-96MINTM (High Tech
Inc., Long Beach, MS, USA) hydrophone were used to monitor
vocalizations and, in some cases, to confirm the dialect of the
southern resident pods.

After initial positioning, seawater samples were collected from
the surface or sub-surface in a 1L, wide mouth, sterile NalgeneTM

bottle. Sub-surface samples were collected from ∼50 to 80 cm
below the surface using a PVC bilge pump. Surface collections
were made at the air/surface interface. All single and serial
samples were collected in pairs, one from the starboard and
one from the port side of the boat, for a total of 2 L for each
sample. Serial samples within an encounter were conducted at
15-min intervals for up to 2 h following the passage of the whales.
Note that other events in the field were recorded as “encounters”
and that encounter numbers for collection of eDNA are not
necessarily consecutive.

Seawater Filtration and eDNA Extraction
The seawater samples were stored on ice on the boat and
returned each evening to the laboratory. Depending on the
flow rate, either 1 or 2 L of seawater were filtered through
a 0.4 micron, Whatman Cyclopore polycarbonate membrane
(GE Lifesciences, USA) using a portable Nalgene filter unit and
low pressure vacuum pump at FHL The filters were stored in
1–2ml of Longmire’s solution (Wegleitner et al., 2015) on ice for
transport back to our home laboratory. To avoid contamination
in the field, we operated in a wet laboratory that had never
been exposed to cetacean samples. We decontaminated sample
bottles and filter units by soaking overnight in 10% diluted
bleach, followed by rinsing with tap water. To test for cross-
contamination during sample processing, we also filtered a
“negative control” by replacing the seawater sample with tap
water that was subsequently extracted and amplified.

The eDNA was extracted from the filters by conventional
phenol/chloroform (PCI) methods (Renshaw et al., 2015). The
volume or each extraction was adjusted to represent 1 L of
seawater and the extracted DNA was re-suspended in 50 µL
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FIGURE 1 | The location of 25 encounters with killer whales in the San Juan Islands during August and September 2015. The red dots show the location of the first

eDNA sample, after positioning the vessel at a distance of 200m behind the passage of the whales. The yellow dots show the location of two “no-whale” controls.

Note, encounter numbers for collection of eDNA are sequential but not necessarily consecutive.

of TE. To avoid any contamination in the laboratory, all
extractions were conducted in a “clean” room that has never
been exposed to post-PCR products. We followed other standard
protocols for preventing contamination including use of filtered
tips, extraction blanks, and PCR blanks. Initial experiments
indicated the presence of PCR inhibitors, a common problem
in the extraction of eDNA (Jane et al., 2015). Inhibition
was reduced (although probably not eliminated) by diluting
the extracted eDNA in a 1:1 volume of laboratory grade
water. As an additional control for contamination, we chose
the southern resident killer whales for our study because no
biological sample of this ecotype has ever been processed in our
laboratory.

Primer and Molecular Probe Design
To optimize the detection and identification of eDNA from
killer whales, we designed a set of PCR primers using available
reference sequences for the mtDNA control region of the known
killer whale ecotypes in the North Pacific (Figure 3). Many of
these primers were slight modifications of primers used routinely
for amplification of the cetacean control region and species
identification, e.g., dlp4 and dlp5 (Dalebout et al., 2004; Baker
et al., 2006). The objective was to design “mini-barcodes” that
would amplify degraded eDNA but provide sufficient sequence
information for identification of species and ecotypes. The
primers Oordlp5Rleft and dlp8G amplified a fragment of 246
base pairs (bp) in length and the primers Oordlp6.5F and dlp8G
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amplified a fragment of 139 bp in length. These two primer pairs
were used for the ddPCR with the EvaGreenTM fluorescent dye
(see below). The sequence of theOordlp6.5F primer was also used
to synthesize a molecular probe (FAM labeled custom TaqMan R©)
for use with the bracketing primers, Oordlp5Rleft and dlp8G. The
sequences of primers are included in Supplementary Material
(SupMat Table 1).

Digital Droplet (dd)PCR
The eDNA of killer whales was detected and quantified using a
Bio-Rad QX200TM AutoDGTM Droplet DigitalTM PCR System at
the Center for Genome Research and Biocomputing at Oregon
State University. The system includes an Automated Droplet
Generator that generates thousands of droplets from one ddPCR
reaction containing the target DNA and a Droplet Reader for
detecting the target fluorescence. Amplification of the target
DNA was quantified by incorporating a fluorescent dye into the
PCR reaction using QX200 ddPCR EvaGreen SupermixTM, or
into a TaqMan molecular probe designed to target a specific
sequence bracketed by the PCR primers, using ddPCR Supermix
for ProbesTM. The target-positive and target-negative droplets
are visualized and analyzed using the manufacturer’s software,
QuantiSoftTM. Quantification of target DNA, in copies/µL of
reaction, is based on an assumption of a Poisson distribution of
the target DNA among the more than 20,000 droplets from a
typical 20 µL reaction (Miotke et al., 2015).

The optimal primer annealing temperature for ddPCR was
determined using a gradient PCR. The gradient was run in 2◦C
increments from 50 to 60◦C for the EvaGreen assays and from
54 to 64◦C for the probe assay. For all assays 56◦C was found
to be the best annealing temperature, with the highest separation
between positive and negative droplets. The final thermocycling
profile for all assays was as per manufacturer’s recommended
protocols with the annealing/extensions step adjusted to 56◦C.
PCR mastermixs were made in a final volume of 22 µL under the
following conditions; for EvaGreen assays, 1x supermix, 100 nM
each primer and 5µL DNA as described below; and for the Probe
assay, 1x supermix, 900 nM each primer, 250 nM TaqMan Probe
and 5 µL DNA as described below.

All samples were run in duplicate or triplicate, with negative
controls (no-template controls) and positive controls included
in each ddPCR run. Two of the replicates were used for
quantification with the droplet reader and a third was used for re-
amplification by conventional PCR and Sanger sequencing (see
below). All values are expressed as the average of at least two
runs, unless otherwise stated. Each experimental sample included
0.5 µL of the 50 µL re-suspended eDNA, using 5 µL of a 1/10
dilution series to reduce pipetting error. This volume of the
extracted eDNAwas chosen after initial “quenching experiments”
showed evidence of inhibitors in conventional PCR experiments
and initial ddPCR reactions showed evidence of droplet “rain”
(Witte et al., 2016). The positive control was 1 µL of a 1/1,000
dilution of total cellular DNA extracted from a skin biopsy sample
of a Hector’s dolphin, Cephalorhynchus hectori hectori (Hamner
et al., 2012). Based on Qubit Fluorometric Quantification, the
concentration of genomic DNA in the positive control was
60 ng/µL, resulting in a mass of 60 pg/reaction after the

1/1,000 dilution. The Hector’s dolphin was chosen because it is
endemic to New Zealand and, thus, recognizably distinct by DNA
barcoding from the cetacean community of the Salish Sea.

Re-Amplification and Sanger Sequencing
To confirm the species or ecotypes, we used conventional PCR
to re-amplify the target amplicon from the ddPCR reaction
after adding 20 µL of TE and breaking the oil emulsion,
following manufacturers guidelines (Bio-Rad_Laboratories_Inc.,
2014). Of the ∼35 µL recovered from breaking the emulsion,
2 µL was added to subsequent conventional PCR reactions
under the conditions detailed below. In addition, potential
positive samples indicated from ddPCR runs were directly
amplified by one or two rounds of conventional PCR under
the following reaction conditions; 1x buffer, 2.5mM MgCl,
0.4µM each primer, 0.2mM dNTP, 0.25 Units of Platinum
TaqTM (ThermoFisher Scientific, USA) and 5 µL of 1/10 dilution
of eDNA in a final volume of 20 µL. Six different primer
pair combinations were used in various experiments (Figure 2)
and all were run with the following thermocycling profile;
initial denaturation at 95◦C for 3min followed by 35 cycles
of denaturation at 95◦C for 30 s, annealing at 56◦C for 30 s,
extension at 72◦C for 60 s, and a final extension step at 72◦C for
5min. The amplicons were cleaned with Agencourt AMPure XP
(Beckman Coulter, USA) and sequenced in both directions with
Big Dye terminator chemistry (ThermoFisher Scientific, USA)
following manufacturers protocols. Excess dye-terminators were
removed with Agencourt CleanSEQ beads (Beckman Coulter,
USA) prior to running on an ABI3730xl. Sequences were
aligned to known killer whale haplotypes (Parsons et al., 2013)
and visually inspected with the software Sequencher 4.1 (Gene
Code).

RESULTS

Seawater Sampling and eDNA Extraction
We collected seawater from the vicinity of killer whales on 17
encounters during the August field effort and on 8 encounters
during the September (Figure 1). Group size ranged from 1
to 18, as judged by visual counts (SupMat Table 2). Southern
resident killer whales were acoustically identified during some
of the encounters (see SupMat Figure 1). The hand-held bilge
pump was used for sub-surface sample collection during the
17 encounters in August. Based on this initial experience and
a review of the literature (e.g., Moyer et al., 2014) we then
changed to collecting samples from the air/surface interface for
the eight encounters in September. From the 25 encounters,
we collected, filtered and extracted DNA from 71 paired, 1 L
samples of seawater from the passage of the whales. There was
considerable variation in the number of samples collected during
each encounter due to weather, tidal currents and the activity
of other vessels. Of the 25 encounter, 11 were represented by a
single point sample, 3 encounters by 2 serial samples, 4 by 3 serial
samples, 4 by five serial samples and 2 by 9 serial samples (2 h
total). Note that encounters were also recorded for other events
in the field and that encounter numbers for collection of eDNA
are not necessarily consecutive (see Figure 5). The well-recorded
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movements and predictable habits of the killer whales around
the San Juan Islands also allowed us to collect two samples at
locations where the whales had not been reported on the previous
day (“no-whale” encounters).

Primer Design and Assay Sensitivity
Combinations of primers Oordlp5Rleft, Oordlp6.5F, and dlp8G
tested positive against a “zoo-blot” of samples representing
the family Delphinidae (the dolphins and “blackfish,” including
the killer whales) using conventional PCR and sequencing.
Assay sensitivity was then assessed by multiple runs of the
positive control using the ddPCR. These showed good precision
in paired replicate samples but an ∼2-fold difference in
sensitivity, apparently due to length of amplicon and method
of incorporating the fluorescent (Figure 3). The most sensitive
protocol was the EvaGreen incorporation into the shorter

amplicon with the Oordlp6.5F to dlp8G primers (139 bp),
providing an estimate of 47.75 copies/µl. The least sensitive assay
was the molecular probe, nested within the longer fragment
of the Oordlp5Rleft to dlp8G primers (246 bp). The EvaGreen
incorporation with the Oordlp5Rleft to dlp8G primers was
intermediate in sensitivity. The primer pair Oordlp2 andOordlp4
was designed specifically for killer whales and to include sites
considered diagnostic for the southern resident community (see
Figure 7). Although we repeated the ddPCR experiments with
various combinations of primers and probes, we focus here on
the most comparable assays using EvaGreen incorporation with
the primers Oordlp6.5F to dlp8G.

ddPCR Limits of Detection
To assess the relative sensitivity of the ddPCR, we conducted
a serial dilution of the positive control using the EvaGreen

FIGURE 2 | Locations of PCR primers and a molecular probe in the mtDNA control region of the killer whale. The probe assay amplified a 246 bp fragment from

Oordlp5Rleft to dlp8G, using Oordlp6.5F as the probe. The EvaGreen assay amplified a 139 bp fragment from Oordlp6.5F to dlp8G. *Primer pairs used for

conventional PCR.

FIGURE 3 | Comparative sensitivity of ddPCR in quantifying a positive control for cetacean mtDNA using three protocols: (a) primers Oordlp6.5F to dlp8G with

EvaGreen fluorescent dye; (b) primers Oordlp5Rleft to dlp8G with EvaGreen fluorescent dye; and (c) a molecular probe (FAM labeled TaqMan) nested within

Oordlp5Rleft to dlp8G. The samples were run in replicate, as represented on either side of the vertical lines. The estimated copies/µL for each replicate is shown near

the bottom of each figure. The y axis shows units of amplitude for the fluorescent signal. The estimated copies/µL of DNA are measured by the number of

target-positive droplets (shown in blue) above the baseline of target-negative droplets (shown as the dark layer), as visualized and analyzed using the software

QuantiSoft. The purple line shows the upper threshold of the target-negative droplets calculated from the negative controls. The positive control represented ∼60 pg

of total genomic DNA extracted from the biopsy sample of a Hector’s dolphin.
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incorporation with the Oordlp6.5F and dlp8G primer pair. The
serial dilution started with the extracted genomic DNA of the
Hector’s dolphin (60 ng/µL), at the initial dilution of 1/1,000
used for the positive control in the experimental runs (i.e., a
mass of 60 pg). This initial dilution was the starting point for
an 8-fold series of 2x dilutions (e.g., 1/2,000 to 1/256,0000)
and a negative control. The series included 6 replicates of each
dilution. At the 1/1,000 dilution, the estimated concentration
was 44.2 copies/µL (SE = 2.06), consistent with values for the
positive control in the experimental runs. The decline in the
estimates of the dilution series did not show a linear relationship
but, instead, showed a stepwise decline (Figure 4). At a dilution
of 1/32,000, the estimated concentration was 0.51 copies/µl
(SE = 0.288). The lower limit of the detection series was
0.175 copies/µl (SE = 0.057), at a dilution of 1/128,000. At a
dilution of 1/256,000, there was no detectable DNA. The negative
control, however, included non-zero detections (0.05 copies/µL,
SE = 0.024), presumably due to measurement artifacts (Hunter
et al., 2017).

Relating the 1/128,000 dilution to the estimated mass of

the initial positive control (60 ng), suggested a lower end
of detection of 0.047 pg of total cellular DNA in a ddPCR

reaction (20 µL). At this lower end of detection, however, the

lower 95% confidence limits overlapped with the maximum
value of the negative controls in the experimental runs

(0.12 copies/µL, see SupMat Figure 1). For this reason, we

considered samples with > 0.5 copies/µL to have met a
strict threshold for a detection. We considered samples that
exceeded the average of the negative controls in the experimental
runs, > 0.12 copies/µL to have met a relaxed threshold for a
detections.

Killer Whale eDNA Quantification by
ddPCR
We used ddPCR to quantify the copy number of eDNA from
71 samples of seawater collected during 25 encounters after the
passage of killer whales and 2 “no-whale” samples, with a series
of experimental controls (positive and negative). The results
of the 71 individual samples showed considerable variation in
detection of eDNA from the killer whales (SupMat Figure 2). The
average concentration of eDNA for all 71 experimental samples
was 4.08 copies/µL (SE = 2.31) but the distribution of values
was non-parametric (Kolmogorov-Smirnov test, p < 0.01), with
zero values and a few very high values. In one encounter (#e46),
three samples yielded estimates of eDNA greater than the positive
control (> 60 copies/µL). If these three samples were excluded,
the mean declined to 0.44 copies/µL (SE= 0.14). Using the strict
threshold of > 0.5 copies/µL derived from the dilution series,
21 of these samples were likely detections. Using the maximum
for the negative controls as the lower threshold (0.12 copies/µL),
another 35 samples were “relaxed detections,” for a total of 56
samples with strict or relaxed detection. The values for one of the
“no-whale” samples fell below the threshold for relaxed detection
(0.035 copies/µL) but the other exceeded the relaxed threshold
(0.18 copies/µL).

Given the likely serial dependency of samples within a series
(see below), we considered it more informative to judge the
probability of detection on the basis of an encounter, rather than
individual samples (Figure 5). Of the 25 encounters, 17 included
one or more samples with a concentration of eDNA exceeding
0.12 copies/µL and 10 of these exceeded 0.5 copies/µL.We noted
a positive relationship between the number of samples in a series
and one or more positive samples, using either threshold for

FIGURE 4 | Experimental limits of detection for cetacean mtDNA by ddPCR using a 2x dilution series starting with ∼60 pg of cellular DNA from a Hector’s dolphin (i.e.,

a 1/1,000 dilution of a 60 ng/µL stock). The ddPCR were run with 6 replicates using EvaGreen reaction mix to amplify a 139 bp fragment from Oordlp6.5 to dlp8G.
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FIGURE 5 | A sequential stack plot of the number of samples (for each of the

25 encounters) judged to be positive or negative for detection of eDNA under

two different thresholds. Each block in the stack represents a sample: dark

green are samples with an average of >0.5 copies/µl (strict detection); light

green are greater than the maximum of the negative controls, >0.12

copies/µl, but <0.5 copies/µl (relaxed detection). Samples shown in black are

considered “no detection,” with <0.12 copies/µl. Samples in gray are missing

data. Stars indicate samples that provided mtDNA sequences after

amplification of eDNA or re-amplification from ddPCR reactions. The blue

bracket indicates the encounters during which samples were collected from

the air/surface interface.

detection (Spearman’s rank order correlation coefficient,R= 0.61
p = 0.001 for 0.12 copies/µL; R = 0.59, p < 0.002 for 0.5
copies/µL). We also noted a positive relationship between pod
size and one or more positive samples in the encounter series,
using either threshold for detection (Spearman’s rank order
correlation coefficient, R = 0.53 p = 0.006 for 0.12 copies/µL;
R= 0.62, p< 0.001 for 0.5 copies/µL). Finally, we noted a greater
detection probability for the eight encounters with sampling from
the air/surface interface (encounters #e27 to #e47) compared
to the 17 with sub-surface sampling, using either threshold of
detection (Fisher’s exact test, p = 0.026 for >0.12 copies/µL;
p= 0.028 for >0.5 copies/µL).

Serial Detection of the eDNA “Wake”
We found evidence of considerable persistence of detectable
eDNA in the wake of the whales (Figure 5). Six of the encounters
showed a positive detection (relaxed threshold) 60min after the

initial sample, two of these showed a positive detection after
90min and one after 120min (encounter #e08; see SupMat
Figure 3). Although encounters with multiple samples had a
greater probability of at least one detection, compared to single
sample encounters (see above), there was no clear relationship
between the order of serial samples and the quantification
of eDNA (Figure 5). Of the 25 total encounters, 14 included
2 or more serial samples, 12 included three or more serial
samples and 8 included 4 or more serial samples (Figure 5).
Using a Wilcoxon signed-rank test (two tailed), we found
no significant differences in the copies/µL of the first and
second sample (n = 14; p = 0.133), the first and third sample
(n = 12; p = 0.659) or the first and fourth sample (n = 9;
p > 0.05).

However, we did find considerable stochastic variation in the
copies/µL of serial samples, as illustrated by the case history
of encounter #e11 (Figure 6). During this encounter, a pod of
12–18 killer whales was traveling steadily east after we initially
positioned ourselves ∼200m behind the pod. Over the next
60min we collected samples at 15-min intervals (samples #s45
to #s49) and drifted ∼4 km, with the tidal current. The detection
of eDNA varied from an average of 3.5 copies/µL in the first
sample (#s45) to a low of 0.14 copies/µL in the second sample
but then increased again in samples #s47 and #s48. One hour
after the passage of the whales, there was an average of 0.34
copies/µL of eDNA in the subsurface water sample. All five
samples exceeded the relaxed threshold of 0.12 copies/µL and
three samples exceeded the strict threshold of 0.5 copies/µL.
Three of the serial samples was re-amplified and sequenced to
confirm the species (see Figure 5).

Species and Ecotype Identification by
eDNA Sequencing
After breaking the emulsion of the triplicate ddPCR reaction,
we were able to re-amplify and sequence a targeted fragment
of mtDNA from 11 samples representing six encounters (see
Figure 5). We note that 5 of these encounters had samples that
exceeded the strict detection threshold (i.e., >0.5 copy/µl). Two
of these samples (#s47 and #s48) are represented in the results for
encounter 11 shown in Figure 5. One encounter (#e25) included
samples that exceeded the relaxed threshold but not the strict
detection threshold.

Although the length of these mini-barcodes was not sufficient
to distinguish among the different ecotypes, they were sufficient
to confirm the source of the eDNA was killer whale. From
encounter #e46, however, there were three serial samples (#s94 to
#s96) of sufficient quality and quantity to sequence over 700 bp
of the mtDNA control region directly from the extracted eDNA
(i.e., without an initial amplification by ddPCR). Using available
reference sequences to define diagnostic sites for known ecotypes
and communities in the North Pacific (Parsons et al., 2013), this
sequence length allowed us to confirm that the encounter was a
pod of the southern resident community (Figure 7). For a second
encounter (#e25) we were able to sequence two fragments to
confirm a southern resident haplotype after initial amplification
of the ddPCR reaction. As we have never held tissue samples
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FIGURE 6 | The location of samples collected during encounter #e11 with killer whales on August 12, 2015 and the result of the ddPCR quantification of eDNA from

serial samples. (Left) Location of five serial samples (#s45 to #s49) as determined by the GPS of the Lagrangian drifter deployed initially 200m after the passage of

the whales. (Right) Visualization and analysis of five serial samples using the software QuantiSoft. The estimated copies/µL of eDNA from the killer whales measured

by the number of target-positive droplets (shown in blue) above the baseline of target-negative droplets (shown as the dark cloud). The purple line shows the upper

threshold of the target-negative droplets calculated from the negative controls. The black bars indicate the pairs of replicate samples, separated by the dashed yellow

line. The calculated copies/µL are shown above the black brackets for each of the replicate samples. Two of the serial samples was re-amplified and sequenced to

confirm the species (see text).

or DNA for this ecotype, we can exclude the potential for any
contamination from other sources in our laboratory.

DISCUSSION

Species and Ecotype Identification
We have demonstrated the potential for ddPCR to detect eDNA
in samples of seawater after the passage of killer whales in inland
waters. Using a relaxed threshold for false positives, we were
able to detect eDNA of killer whales in 17 of the 25 encounters
(68%). Using a strict threshold, we detected killer whales in 10
of these encounters (40% of the total). By re-amplification of
the ddPCR amplicon and conventional sequencing, we were able
to confirm that our eDNA detections were species specific and
for, two encounters, that the sequences matched the mtDNA
haplotype of the southern resident killer whales. Unlike direct
sampling methods (e.g., biopsy sampling), our eDNA sampling
imposed no disturbance to the whales and did not require
an approach within the 200-yard limitation (182m) of current
vessel-approach regulations for killer whales (NOAA, 2011).

Limits of Detection
The choice of a threshold for a positive detection will depend
on the tolerance of the research objectives for false positives or
false negatives, as well as the precision of the measurements.
Here our objective was to investigate the sensitivity of ddPCR
for detecting and identifying our target species with a directed
sampling design, rather than to estimate presence or absence of
some unknown occupancy. For our objective, the strict threshold

of >0.5 copies/µL was well supported by the limits of detection
analysis and the negative controls of each run. Our choice of
a relaxed threshold was more challenging. The value of 0.12
copies/µL was consistent with the lower limits of detection
analysis and with the maximum of the negative controls in the
experimental run but overlapped with the standard error of these
negative controls and with other published estimates for limits
of detection in ddPCR (e.g., 0.13 copies/µL, 95% CL 0.08–0.21;
(Hunter et al., 2017). Although we were able to confirm some
of the relaxed detections by re-amplification and sequencing of
the mtDNA, a larger sample size and further experimentation
with the ddPCR dynamics will be necessary to establish a more
robust detection probability for occupancy modeling. This could
include a standard dilution series for each plate in range of the
assay expectations, as recommended by (Hunter et al., 2017).
Limits of detection could also be improved by further technical
development to improve the signal to noise ratio for the negative
control and by reducing the inhibitors that tend to accumulate
with increasing sample concentration (Williams et al., 2017).

Variation in Detection
As could be expected from the dynamics of sampling in
the marine environment, there was considerable variation in
detectable concentrations of eDNA from the killer whales.
Although our sample size was not sufficient for multivariate
analyses, we found a significant positive relationship for a
detection (relaxed or strict) with the number of samples in an
encounter, the pod size of the encounter and the collection of
samples at the air/surface interface. Sampling at the air/surface
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FIGURE 7 | The positions of variable sites in the mtDNA control region of the killer whale, considered to be diagnostic (or characteristic) of ecotypes and communities

in the North Pacific (note that numbering differs slightly) from (Parsons et al., 2013). Amplification and sequencing of eDNA from three samples of encounter #e46

matched the southern resident (SR), as shown on the first line, at all 12 variable sites. A representative segment of the sequencing electropherogram from encounter

#e46 (sample eDNA15 #s94) is included to show the location of three diagnostic sites (indicated by ellipses), including position 505 that distinguishes the southern

resident community (Haplotype SR) from the northern resident community (Haplotype NR). Other abbreviations refer to populations or ecotypes as reported in

Parsons et al. (2013).

interface compared to the subsurface sampling was a particularly
influential variable. All of the 23 samples collected from the
air/surface interface during the eight encounters in September
showed a positive detection compared to 69% of the 48
subsurface samples from the 17 encounters in August. Surface
sampling during one of these encounters yielded exceptionally
high concentrations of eDNA, sufficient for sequencing nearly
full-length fragments of the mtDNA control region. Likely
contributors to this “surface effect” include advection of sloughed
skin or feces, and the retention, by surface tension, of cellular
DNA expelled from the spout or blow. Of these, an unobserved
fecal plume would seem to be the most likely explanation for an
anomalously high sample of eDNA. Although it is often assumed
that whale feces are buoyant (Roman andMcCarthy, 2011), this is
likely to vary considerably by the prey type and the species of the
consumer. Deployment of an Unmanned Aerial Vehicle (UAV)
prior to eDNA sampling could provide evidence of the presence
or absence of a fecal plume and species-specific differences in the
persistence of a plume (Wolinsky, 2017).

Although the number of samples in an encounter was related
to a positive detection, there was no significant difference in the
concentration of eDNA (copies/µL) by order of serial sampling.
This apparent absence of a sequential dilution effect is puzzling.
Our best interpretation is that the fine-scale spatial distribution
and vertical stratification of eDNA result in considerable
variation from sample to sample within an encounter. This

heterogeneity is greater than the potential homogenization of a
dilution effect across the limited time span of the serial samples.

Persistence of Detection
The ability to detect eDNA persisted for at least an hour after
the passage of the whales in six encounters and, in one of
these encounters, for up to 2 h, despite movement of the water
mass by more than 4 km due to tidal currents. The positive
detection of one “no-whale” control suggests amplifiable DNA
might persist longer under some conditions (e.g., Piaggio et al.,
2014). This persistence bodes well for targeted sampling of
elusive species like beaked whales. These species are very long-
duration divers (e.g., Baird et al., 2006; Schorr et al., 2014) and
difficult to approach for biopsy sampling during their limited
time at the surface. However, with the assistance of acoustic
localization and visual cues, it should be possible to sample eDNA
from the approximate location of a dive, substantially increasing
the efficiency of genetic sampling. Including localized spatial
sampling with serial sampling could help in describing both the
extent and persistence of an eDNA “wake” after the terminal
dive. Although basic species identification remains the priority
for beaked whales (e.g., Dalebout et al., 2014), species-specific
primers could also be designed to identify intra-specific variation
for stock identification of widely distributed species like Cuvier’s
beaked whales (Dalebout et al., 2005).
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CONCLUSION

The development of ddPCR, with the incremental advances
in primer design, seawater filtration, eDNA extraction, and
sequencing, as evidenced here, provide a powerful new
methodology for detection and identification of cetacean species,
even those that are not easily identified by morphological or
acoustic characteristics. If successful in open-ocean conditions,
routine eDNA barcoding could complement the interpretation
of acoustic and visual surveys now routinely used to monitor
cetacean habitat, especially for rare or cryptic species like beaked
whales. In general, genomic technology is advancing rapidly
and sequencing costs are dropping rapidly, promising to make
ubiquitous eDNA sequencing for surveys of biodiversity more
efficient and affordable in the near future.
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