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ABSTRACT: Environmental DNA (eDNA) analysis is emerging as an innovative tool to assess the
distribution and biomass of species in aquatic environments that enables quick and non-invasive
surveys compared to conventional sampling methods such as fishing, hydroacoustics, and diving
observations. We applied eDNA analysis to spawning ecology research of the Japanese eel
Anguilla japonica in the western North Pacific for the first time. A preliminary laboratory experi-
ment using tank water containing eels confirmed that our specific primers and probe could iden-
tify the Japanese eel from a small amount of eDNA (about 0.5 ng per PCR reaction). During a
19-20 May 2015 ocean survey at the southern West Mariana Ridge, seawater samples were col-
lected at 12 water depths at 9 stations in the spawning area of A. japonica. Out of 108 seawater
samples, DNA was successfully amplified from 3 samples, which were collected at 250 and 400 m.
According to published research on Japanese eel spawning ecology and eDNA dynamics, the
eDNA positive signals obtained from the oceanic survey could have been from adult Japanese
eels or from larvae from the last spawning events. Thus onboard eDNA analysis proved to be a
viable approach for detecting Japanese eels in their spawning area along the southern West
Mariana Ridge.
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1. INTRODUCTION

Environmental DNA (eDNA) refers to genetic
material in the environment from the metabolic
wastes, damaged tissues, or sloughed skin cells of
multicellular organisms (Kelly et al. 2014, Barnes &
Turner 2016). eDNA analysis of collected water sam-
ples can detect aquatic organisms and is now emerg-
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ing as a quick, inexpensive, and non-invasive tool for
studying the presence or relative abundance of
organisms in natural environments (Ficetola et al.
2008, Takahara et al. 2013). Recent studies have used
eDNA analysis to evaluate the distribution of intro-
duced species and endangered or rare species (Jerde
et al. 2011, Fukumoto et al. 2015, Bergman et al.
2016), estimate the abundance and biomass of target
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species (Pilliod et al. 2013, Yamamoto et al. 2016),
and monitor fish fauna in freshwater areas, coastal
waters, and coral reefs (Thomsen et al. 2012, Miya et
al. 2015). The new approach using eDNA has the
potential to revolutionize ecological and biological
studies, biodiversity monitoring, and conservation
assessments of aquatic ecosystems.

The Japanese eel Anguilla japonica migrates thou-
sands of kilometers to breed in the open ocean after
its growth stage in freshwater and estuarine habitats,
and like other anguillid species, its spawning area
had remained a mystery because of its unique life
cycle as a catadromous fish (Tsukamoto 2009). Inten-
sive research has been conducted to discover the
Japanese eel spawning area, and has included
sampling with large plankton or trawl nets to collect
transparent leaf-like larvae, called leptocephali (Tsu-
kamoto 1992, Shinoda et al. 2011), or adult eels (Chow
et al. 2009). Genetic species identification of eggs and
newly hatched larvae (preleptocephali) collected dur-
ing research cruises, which earlier was usually carried
out in the laboratory after a cruise (Ishikawa et al.
2001, Yoshinaga et al. 2011), can now be done soon
after specimens are collected using onboard real-time
PCR (Watanabe et al. 2004, Minegishi et al. 2009).
Collections of eggs, preleptocephali, and adult eels
using conventional methods have revealed that the
spawning area of the Japanese eel is located along
the seamount chain of the southern West Mariana
Ridge in the western North Pacific (Tsukamoto 2006,
Chow et al. 2009, Tsukamoto et al. 2011).

Several biological and oceanographic factors ap-
pear to influence the longitude, latitude, timing, and
potential depths where spawning of the Japanese eel
occurs. From 2005 to 2009, more than 1000 prelepto-
cephali were collected within a narrow area from 12°
to 15°30"N and 140° 30’ to 143°E along the southern
part of the West Mariana Ridge (Fig. 1B; Tsukamoto et
al. 2011, Aoyama et al. 2014). Female adult eels and
preleptocephali were also collected at the southern
West Mariana Ridge (Kurogi et al. 2011). The sea-
mount chain includes the shallow Pathfinder, Ara-
kane, and Suruga seamounts that appeared to be pos-
sible locations for the spawning area of the Japanese
eel, which led to the ‘seamount hypothesis' that eels
might spawn at the seamounts (Tsukamoto et al.
2003), and the seamount ridge seems to determine the
longitude of its spawning area. The distribution pat-
terns of small leptocephali led to the hypothesis that a
salinity front formed by low-salinity surface water in
the North Equatorial Current may influence the lati-
tude where spawning occurs (Tsukamoto 1992), be-
cause the position of the front can change among dif-
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Fig. 1. Study area, showing (A) the cruise track of the NT15-
08 research cruise and how the ship moved to an eastern re-
gion to avoid rough seas in the survey area caused by 2 ty-
phoons, (B) the locations where Japanese eel adults (black
circles) and preleptocephali (gray shaded area) were col-
lected in previous cruises from 2005 to 2009 (Tsukamoto et
al. 2011, Aoyama et al. 2014), and (C) the NT15-08 survey
grid that consisted of 9 water sampling stations (circles)
along the western side of the southern West Mariana Ridge.
Black circles in (C) show the stations that were positive
for eDNA
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ferent months or years (Kimura & Tsukamoto 2006,
Aoyama et al. 2014). Analyses of the back-calculated
hatching dates determined from the otolith micro-
structure of Japanese eel leptocephali collected near
the spawning area led to the development of the ‘'new
moon hypothesis’, which proposed that the adults
spawn periodically and synchronously once a month
at new moon during their spawning season (Ishikawa
et al. 2001, Tsukamoto et al. 2003). In addition, the
depths where adults and preleptocephali were cap-
tured suggested that Japanese eel spawning occurred
in shallower layers of about 150 to 200 m, which was
at the upper limit of the thermocline and not at greater
depths (Tsukamoto et al. 2011, Aoyama et al. 2014).
Although some information was gathered about the
spawning area of Japanese eels, their precise spawn-
ing sites and ecology still remain unknown, especially
regarding how they form spawning aggregations and
what their natural spawning behaviors are.

Efforts were made during a previous cruise to ob-
serve natural aggregations and spawning behavior
of Japanese eels using the Shinkai 6500 submersible
and Deep-Tow camera system, which were able to
record pelagic eels including a possible male A.
japonica (Tsukamoto et al. 2013, Miller et al. 2014).
Fukuba et al. (2015) reported on the deployment of
new drifting camera systems that included live artifi-
cially matured female and male Japanese eels held
in chambers as an attractant source, and pelagic eels
were also observed. These camera systems have
shown potential for observing the aggregations or
spawning behavior of Japanese eels in the open
ocean, but clear images of this species have not been
recorded yet due in part to the vast scale of the possi-
ble areas to deploy the camera systems, and the need
to narrow down the search areas.

To observe the spawning behavior of Japanese
eels, it may be useful to estimate their real-time pres-
ence while onboard a research vessel and to help
infer the spawning sites where spawning-condition
female and male eels aggregate. In this study, there-
fore, we attempted to infer the presence of Japanese
eels using eDNA analysis in their spawning area and
tested the viability of this type of analysis during a
research cruise (Fig. 1).

2. MATERIALS AND METHODS
2.1. Laboratory eDNA experiment

To test whether the eDNA of Japanese eels An-
guilla japonica can be detected from water samples

using real-time PCR, we conducted a laboratory ex-
periment before the cruise to detect eDNA in a water
sample from a rearing tank. This preliminary labora-
tory experiment was conducted in April 2015. We
collected a water sample from a 100 1 freshwater
tank (45 x 89 x 45 cm) containing 3 Japanese eels
(40-80 cm in total length) caught in rivers. The
Japanese eels were held in the tank with a recirculat-
ing filtration system and constant aeration at about
20°C for about 3 yr, and were fed on an irregular
basis. A water sample (5600 ml) was vacuum-filtered
onto a 47 mm diameter glass fiber filter (pore size
0.3 pm, Advantec), and then the eDNA was extracted
from the filter using a DNeasy Blood & Tissue Kit
(Qiagen) following the manufacturer's protocol and
Miya et al. (2015). The total eDNA was eluted in 50 pl
of buffer supplied by the manufacturer. The con-
centration of eDNA extract was measured using a
Nano-drop 2000 spectrophotometer (Thermo Fisher
Scientific), and the extract was diluted 10-fold to ex-
perimental concentrations of 10, 1, 107!, 1072, 1073,
and 10 ng pl ™.

Real-time PCR (not gqPCR) for eDNA analysis was
carried out on the different eDNA concentrations
using a Light Cycler® Nano (Roche) thermocycler
with 65 cycles of 2-step amplification (denaturation
at 95°C for 20 s, and annealing at 60°C for 40 s) after
an initial 10 min denaturation at 95°C. The reaction
mixture (20 pl) contained 2.8 pl PCR-grade water
(Roche), 1 pl of each primer (10 pM), 0.2 pl of Taq-
Man probe (10 pM), 10 pl of 2x Master Mix (Roche),
and 5 pl of diluted eDNA as template. Total DNA
extracted from Japanese eel tissues was used as a
positive control for PCR. A negative control (pure
water as template) was analyzed with the same pro-
tocol to monitor contamination during filtering,
eDNA extraction, and real-time PCR. We used
species-specific primers (forward: 5'-AATCAGTAA
TAAGAGGGCCCAAGC-3', reverse: 5'-TGTTGGGT
TAACGGTTTGTGGTA-3') and a TagMan probe
(5'-CACATGTGTAAGTCAGAACGGACCGACC-3))
developed by Watanabe et al. (2004), which ampli-
fied a 107 bp fragment of the 16S rRNA region of
mitochondrial DNA (mtDNA), for the real-time PCR
of the eDNA analysis. The mtDNA was used as the
genetic marker because the copy numbers of mtDNA
are greater than those of nuclear DNA per cell, and
the detection rate is likely to be higher in the former
even when DNA is present at low concentration
and/or is degraded (Rees et al. 2014). Watanabe et
al. (2004) checked the specificity of the primers
and probe using DNA from tissue of A. japonica, A.
marmorata, A. bicolor pacifica, and the 6 anguilli-
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Fig. 2. Nucleotide variations in the primers and probe of the
mitochondrial 16S rRNA gene between Anguilla japonica
(A. japo), A. bicolor pacifica (A. bipa), A. marmorata (A.
marm) (from Watanabe et al. 2004, Minegishi et al. 2009),
Derichthys serpentinus (D. serp, GenBank accession num-
ber AP010851), and Serrivomer sector (S. sect, GenBank ac-
cession number AP007250). Dots indicate nucleotides iden-
tical to those of the primers and probe on the top line, and
gaps show insertions/deletions

form species Conger myriaster, Serrivomer sector,
Strophidon ui, Rhinomuraena quaesita, Uropterygius
sp., and Stemonidium hypomelas, and only the DNA
of A. japonica showed successful amplification, al-
though that of A. marmorata also amplified at a
clearly slower rate and to a much lower degree. The
sensitivity of the primers and probe was also in-
vestigated using template DNA (concentrations from
2.0 pg pl~! to 7.0 ng pl™!) of A. japonica, A. marmorata
and A. bicolor pacifica, and A. japonica was specifi-
cally distinguished from the other anguillids (Mi-
negishi et al. 2009). These specific primers and probe
could even identify the Japanese eel from a low
amount of DNA (about 6.0 pg per PCR reaction) from
a diluted DNA solution extracted from tissue (Mi-
negishi et al. 2009). Therefore, the primers and probe
have high specificity for the Japanese eel (Fig. 2),
which can be adapted for eDNA analysis in aquatic
environments that may have low amounts of eDNA
of the target species.

2.2. Oceanic eDNA survey
The eDNA field survey was designed to estimate

the presence of Japanese eels and their spawning
sites during the RV 'Natsushima' cruise (NT15-08)

from 5 to 21 May 2015 (new moon: 18 May). After a
delay caused by 2 successive typhoons, intensive
research was conducted in the survey area (Fig. 1)
from 19 to 20 May 2015, which were the first and sec-
ond days after the new moon. According to the new
moon hypothesis (Ishikawa et al. 2001, Tsukamoto et
al. 2003) and previous collections of eggs (Tsukamoto
et al. 2011, Aoyama et al. 2014), the spawning activ-
ity of that month should have already begun and was
possibly finished. The eDNA survey grid was origi-
nally planned to be set based on hydrographic fea-
tures such as the location of the salinity front because
spawning of Japanese eels would likely occur just at
the southern side of the front (Tsukamoto et al. 2011,
Aoyama et al. 2014) and possibly in a high-energy
part of the internal tide field, which might be used as
a signpost by the eels to detect their spawning sites
(T. Higuchi et al. unpubl. data). As we had no time to
implement all research plans, the grid was arranged
around 142°E and 13°N (called the ‘Kaiyo point’)
where Japanese eel eggs (Tsukamoto et al. 2011,
Aoyama et al. 2014) and adults (Chow et al. 2009)
had been caught previously, and this location in-
cluded a patch of high internal tide energy.

The eDNA analysis was conducted using 21 seawa-
ter samples in plastic bottles that were collected dur-
ing 19 and 20 May 2015 from each of 11 water depths
(100, 200, 250, 300, 400, 500, 600, 700, 800, 900, and
1000 m) at 9 stations with the Niskin water samplers
of the CTD system (Fig. 1C). New gloves were worn
at each water sampling station to avoid cross contam-
ination. These CTD deployments were also used for
collecting hydrographic data to depths of 1000 m for
analysis of the hydrographic structure. Two liter
water samples from 3.6 m depth were collected from
the faucet of the ship's scientific seawater pumping
system at each station as a surface water sample, and
21 of pure water were used as a negative control for
monitoring any contamination at each station. The 21
of each water sample from the 12 water depths (11
CTD samples, 1 surface water sample) at each station
and pure water were vacuum-filtered onto a 0.3 pm
pore size (47 mm diameter) glass fiber filter (Advan-
tec) onboard, and a total of 117 filters including 9 fil-
tration blanks were obtained. All filters were pre-
served by freezing at —20°C until eDNA extraction
onboard or mostly later in the laboratory.

To test the ability to conduct eDNA analysis on-
board, eDNA was extracted within 30 min after filtra-
tion of 32 samples that consisted of 4 filtration blanks
and 28 seawater samples collected at 7 of the water
depths (200, 250, 300, 600, 700, 800, and 900 m) at
Stations (Stns) C1, C2, C3, and C4. The negative con-
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trol blank made at each of these 4 stations was pro-
cessed using the same filtering and eDNA extraction
procedures as the other samples that were extracted
onboard the ship. Real-time PCR assays (not qPCR)
were then carried out with the 32 eDNA extracts and
PCR blanks onboard. The procedure of eDNA extrac-
tion, the number of amplification cycles, amplifica-
tion parameters, primers and probe were the same as
those used in the preliminary laboratory experiment
described above (see laboratory eDNA analysis). The
eDNA extracts from the 32 samples and the PCR
amplicons were stored at —20°C immediately after
the PCR assay. Since the ship time was limited, the
remaining 85 filters were wrapped in aluminum foil
with tweezers and stored at -20°C until eDNA
extraction on land.

We transported 85 filters, 32 eDNA extracts, and
the PCR amplicons on ice in a cooler box from the
ship to the laboratory. Total eDNA was extracted
from the remaining 85 filters including 5 filtration
blanks. eDNA was also extracted from pure water
alongside the 85 filters; thus we obtained 80 eDNA
extracts, 5 filtration blanks, and 5 extraction blanks
in the laboratory. All eDNA samples extracted both
on the ship and in the laboratory were subjected to
real-time PCR (not qPCR) with the same conditions
as the 32 samples analyzed onboard. Each of the
real-time PCR runs contained 3 replicates of each
extracted eDNA sample solution and each filtration,
extraction, and PCR blank. Tissue-derived Japanese
eel DNA was used as a positive control for the real-
time PCR. The real-time PCR products showing
amplifications were verified by electrophoresis using
a 2% agarose gel, stained with SYBR® safe DNA gel
stain (Invitrogen), and visualized under ultraviolet
light on a Gel Doc™ EZ imager (Bio Rad).

For 11 eDNA seawater samples, a lower amplifica-
tion curve was observed than with the other positive
samples (fluorescence intensities were less than 0.5),
so inhibition tests were conducted to verify that these
samples were not inhibited. First, we analyzed 8 PCR
solutions with 100 pg of tissue-derived DNA of the
Japanese eel as a template using the real-time PCR
(not gPCR) in the same protocol as the preliminarily
laboratory experiment (see laboratory eDNA analy-
sis) to investigate the variation of the cycle threshold
(Ct) values within a single run. The Ct values varied
from 0.01 to 0.62 among the 8 PCR solutions. Then
100 pg of Japanese eel DNA were added to the 11
seawater samples and amplified along with a control
sample also containing 100 pg of tissue-derived
Japanese eel DNA. We considered that the 11 seawa-
ter samples that included pure tissue-derived DNA

would have been inhibited if the difference between
their Ct values and that of the control was more than
0.6 in the run.

Both on the research vessel and in the laboratory,
all equipment (e.g. plastic bottles, filter funnels, and
tweezers) were soaked in a 0.5 % bleach solution for
at least 5 min and rinsed with pure water before
reuse to remove any residual eDNA. Work spaces
were wiped using paper and a 0.5 % bleach solution,
filter pipet tips were used, and all eDNA extractions
and PCR set-ups were conducted in separate work-
ing places, where PCR products had not been han-
dled previously, and the real-time PCR machine was
set outside of this space to minimize contamination.

3. RESULTS
3.1. Laboratory eDNA experiment

Japanese eel Anguilla japonica eDNA was detected
from the tank water using the species-specific pri-
mers and probe in the real-time PCR system. The
eDNA samples diluted to concentrations of 10, 1, and
10! ng ul™* (50, 5, and 0.5 ng eDNA per PCR reac-
tion) showed DNA amplification curves (Fig. 3A),
and their Ct values (unitless) were 28.4, 31.8, and
34.8 respectively. This indicates that the higher
eDNA amounts resulted in lower Ct values (amplifi-
cation after fewer cycles). The eDNA extracts of 1072,
1073, and 107 ng pl™! (respectively 50, 5, and 0.5 pg
eDNA per PCR reaction) showed no amplification
(Fig. 3A).

3.2. Oceanic eDNA survey

To test the viability of our eDNA methodology and
estimate the presence of Japanese eels during the
research cruise, 32 eDNA samples including 4 filtra-
tion blanks were analyzed onboard. No DNA ampli-
fication was observed when using real-time PCR.
The remaining 85 filters were processed in our labo-
ratory and not onboard due to a lack of time at the
end of the cruise, and all eDNA samples (including
the 32 eDNA samples analyzed onboard) were ana-
lyzed in the laboratory with exactly the same protocol
as on the ship. Three out of 117 samples analyzed in
the laboratory, which were obtained from 400 m at
Stn C5 (142°00'E, 13°00'N), and 250 and 400 m at
Stn C6 (142°00'E, 12°50'N), showed DNA am-
plifications by real-time PCR. The Ct values were
39.5, 37.6, and 38.3, respectively (Table 1, Fig. 3B).
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Fig. 3. eDNA amplification curves from the real-time PCR
analysis for Japanese eel DNA using (A) eDNA extracts
from tank water with 10, 1, 10! ng pl™! concentration (50, 5,
0.5 ng eDNA per PCR reaction, respectively) and (B) eDNA
extracts from seawater from Stn C5 at a depth of 400 m and
Stn C6 at 250 and 400 m. All eDNA extracts in (B) were
analyzed with 3 real-time PCR replicates (20 pl), but only
the one successful amplification curve from each replicate
is depicted

Notably, these successful DNA amplifications were
obtained in only 1 of the 3 real-time PCR replicates of
each sample extract (Fig. 3B), suggesting the extracts
included small amounts of Japanese eel DNA. The
presence of targeted amplicons in the 3 positive ex-
tracts from the oceanic survey samples was verified
by gel electrophoresis in the laboratory. Since the
primers and probe had specificity to the Japanese eel
(Fig. 2), we considered the 3 oceanic survey samples

Table 1. Summary of the sampling time, depth, hydro-
graphic characteristics, and real-time PCR cycle threshold
(Ct) value of each water sample that had a positive eDNA
detection in the spawning area of the Japanese eel Anguilla
japonica. All 3 samples were collected on 19 May 2015 (1 d
after the new moon)

Stn Sampling  Water Temperature Salinity Ct
time (h) depth (m) (°C) value
C5 19:20 400 7.75 34.34 39.5
C6 21:20 250 13.58 34.43 37.6
C6 21:30 400 8.16 34.31 38.3

with real-time PCR amplifications as positive results.
The 3 positive samples were collected on 19 May,
which was 1 d after the new moon (Table 1). The dis-
tance between Stns C5 and C6 was approximately
18.5 km (Fig. 1C).

Additional inhibition tests were performed to verify
that the 11 samples with lower amplification curves
were not inhibited. Ct values of all 11 seawater sam-
ples were not different from the pure Japanese eel
tissue-derived DNA control by more than 0.6, and
these samples showed no presence of PCR amplicons
in the gel electrophoresis. We therefore regarded
these 11 samples as being negative. No eDNA of A.
japonica was detected by real-time PCR assays from
all negative controls used in the study.

The hydrographic characteristics at the stations of
the sampling grid were generally similar, especially
at the depths where A. japonica eDNA was detected
(Fig. 4). The positive sample from 250 m at Stn C6
was from near the bottom of the thermocline and
below the layer of the high-salinity Subtropical Under-
water (see Schabetsberger et al. 2016). The samples
from 400 m at Stns C5 and C6 were collected in a uni-
form layer of 8°C water where salinity starts to grad-
ually increase with depth. Only minor variations in
temperature occurred among stations while a slightly
lower surface salinity occurred at Stn C1. The chloro-
phyll concentration in the upper 200 m ranged from
0.2 to 0.5 pg 171, and the highest chlorophyll concen-
tration of 0.5 ng 1-! was observed near Stn C6.

4. DISCUSSION
4.1. Viability and refinement of oceanic DNA analysis

During the intensive research efforts on the 2 d
near the end of the cruise, we were able to success-
fully implement the series of procedures for eDNA
analysis onboard the moving ship along the southern
West Mariana Ridge. This resulted in the first use of
eDNA analysis to detect the presence of Japanese
eels Anguilla japonica in their spawning area, which
suggests that this technique can be used to improve
the existing methods of spawning area research on
this species. Conventional methods such as plankton
net sampling and trawl net towing have been useful
to outline the spawning area of Japanese eels by col-
lecting eggs, larvae, and spawning-condition eels
(Tsukamoto 1992, 2006, Chow et al. 2009, Tsukamoto
et al. 2011). However, these methods are insufficient
to precisely locate the sites where male and female
eels form aggregations to spawn, because it is not
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after the eDNA from spawning is dis-
persed. Only 1 of the 3 real-time PCR
replicates showed successful amplification
for each of the 2 1 water samples (n = 3)
that were positive for Japanese eel eDNA
in our study, which suggests that the con-
centrations of eDNA were low at those
locations. This also suggests that false
negative results (species is not detected

where it is present) could have occurred
at locations where concentrations were
low. For example, a previous experiment
for testing the detection rate of 2 trout
species showed that water samples had
100 % amplification success when their
eDNA concentrations were >2.5 target
copies pl~!, whereas false negatives oc-
curred at the eDNA concentration of 0.5
copies ul™' (Wilcox et al. 2013). To
improve the chances of species detection,

Cc8 (9
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Fig. 4. Hydrographic structure and vertical distribution of (A,B) tempera-
ture and (C,D) salinity at the 9 stations sampled for Japanese eel eDNA be-
tween the surface and 1000 m. The CTD data at Stn C6 only extended
down to 700 m because of a CTD problem. Red circles indicate the water
depths with eDNA positive signals (400 m at Stn C5, 250 and 400 m at Stn C6).
The high-salinity core of Subtropical Underwater (STUW) was present at
all stations. The thicker blue and red lines show the data from Stns C5 and
C6, respectively, in B and D (other stations are shown by grey lines)

known at what depth and position during a net tow
they were collected. In contrast, eDNA analysis from
water samples at known locations provides very spe-
cific information about the possible presence or
absence of Japanese eels that can guide the deploy-
ment of underwater camera systems or submersibles
to the locations and depths where spawning events
might occur. Therefore, our method using eDNA may
be an effective tool to help understand the spawning
ecology of the Japanese eel in the open ocean by
determining the possible locations of aggregations of
eels before their new moon spawning periods and
then also by detecting the locations and depths of
spawning during or after spawning events.

Our study also suggests that several optimizations
for water sampling, and efficient eDNA analysis, may
improve the chances of finding and observing the
spawning aggregations of Japanese eels in future
cruises. An obvious improvement is that an optimal
water sampling strategy needs to be developed that

C5 342 346
Salinity

increasing the number of water samples
from a site (Ficetola et al. 2008, Takahara
et al. 2012, Goldberg et al. 2013) or in-
creasing the amount of water filtered
(Miya et al. 2016) are possible ways to
increase eDNA detections. Our oceanic
cruise used only one 2 1 water sample
from each of 12 water depths at 9 water
sampling sites because of the limited ship
time. Conducting a survey in the open
ocean where there may be low densities
of target species eDNA, and a high chance of occur-
rences of false negative samples, probably requires
the analysis of multiple water samples or a larger
amount of water at each location or depth (e.g. 10 or
201 of seawater).

A second possible improvement would be to use
quantitative real-time PCR (qPCR) during future re-
search cruises. To define criteria for positive results,
most researchers have examined the limit of de-
tection (LOD, the minimum amount of target DNA
sequence that can be detected in the sample) and the
limit of quantification (LOQ, the lowest amount of
target DNA that yields an acceptable level of preci-
sion and accuracy) using templates of known con-
centration (e.g. Takahara et al. 2013, Tréguier et al.
2014). We did not quantify the LOD because a gPCR
system was not used in this study. The acceptable
LOD probably should have been determined using
qPCR to decide if a water sample is a true positive or
negative. The use of a qPCR approach can identify

35.0 35.4
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fish spawning activity based on the change of eDNA
concentrations in freshwater (Bylemans et al. 2017,
Doi et al. 2017), and thus the spawning events of the
Japanese eel should also be detectable by eDNA
concentrations in seawater. Japanese eels likely
aggregate prior to spawning (Tsukamoto et al. 2003,
Kurogi et al. 2011), and larger amounts of eDNA
should be present at the spawning site because of the
positive relationships between eDNA concentrations
and animal abundance that have been found (Taka-
hara et al. 2012, Pilliod et al. 2013) as well as the
materials released during spawning.

A possible improvement that is unique to our type
of oceanic surveys searching for spawning eels,
would be to reduce the time required for obtaining
eDNA filter samples by directly filtering seawater as
it flows out of the Niskin sampler bottles instead of
transferring it into water sample bottles. Transfer of
seawater from the Niskin samplers to plastic bottles
took about 1 h, whereas each of the other steps of the
analysis, including the CTD cast with the Niskin
water samplers, water vacuum-filtration, eDNA ex-
traction, real-time PCR set-ups, real-time PCR run
time, and decontamination of used equipment took
between 0.5 and 2 h, and the total time for eDNA
analysis onboard was approximately 9.5 h station™.
Eliminating the step of transferring seawater samples
from the Niskin bottles to other bottles would allow
the survey plan to be adjusted sooner if eDNA is
detected. For example, once a strong eDNA signal is
detected, the deployment of a submersible or camera
system as soon as possible could increase the chance
of observing spawning aggregations and the be-
havior of Japanese eels.

4.2. Interpretation of eDNA positive signals from
seawater samples

The most significant finding of our study is that we
were able to detect 3 positive eDNA signals of the
Japanese eel from seawater samples at 2 different
stations using real-time PCR. However, in our study,
as in other marine field surveys using eDNA analysis,
the evaluation of the possible origins of the eDNA
that is detected is influenced by the initial concen-
tration when released, the degradation rate, and
the amount of dilution of the eDNA that may have
occurred before its detection. Sassoubre et al. (2016)
estimated the decay rate of the eDNA of 3 marine
fishes as being from 0.068 to 0.101 h~! at 17.7-23°C,
with the eDNA being undetectable within 3-4 d.
With initial concentrations of 48 and 214 molecules

in 400 ml of seawater, at 15°C, the eDNA of the
three-spined stickleback Gasterosteus aculeatus was
degraded within 0.9 d and that of the European
flounder Platichthys flesus was degraded within 6.7 d
(Thomsen et al. 2012). The decay rates along with the
amount of water movement will affect how far eDNA
can disperse away from its release point. For exam-
ple, the eDNA of the harbor porpoise Phocoena pho-
coena, a marine mammal, was only detected at a dis-
tance of less than 10 m from a pen with 4 porpoises
(Foote et al. 2012). Yamamoto et al. (2016) concluded
that the spatial scale of the association between
eDNA and fish biomass in a coastal bay was rela-
tively small (10-150 m). Marine eDNA also reflected
changes in vertebrate communities at a scale of
~60 m in a kelp forest ecosystem (Port et al. 2016).
eDNA decay rate may vary among aquatic ecosys-
tems though, because many other factors including
water temperature, salinity, pH, oxygen, ultraviolet
light, wind, currents, tides, and eddies can influence
eDNA degradation and the potential distance that
eDNA can be transported in the ocean (Thomsen et
al. 2012, Merkes et al. 2014, Barnes & Turner 2016,
Port et al. 2016, Sassoubre et al. 2016, Minamoto et
al. 2017). As a consequence of continuous dilution,
the probability of detecting eDNA from Japanese
eels in marine waters very likely decreases rapidly
with distance from its source, which suggests that
most eDNA will be detected near where it was
released (Thomsen et al. 2012).

For Japanese eels, eDNA of approximately 100
times higher concentrations was detected in seawa-
ter tanks that contained 3 artificially matured male
eels and 1 female eel after they spawned in the tanks
compared with the concentrations before spawning
(A. Takeuchi et al. unpubl. data). Since the amounts
of eDNA obtained at Stns C5 and C6 during the
oceanic sampling of the present study were esti-
mated to be much lower than those detected after
spawning in the laboratory, if the oceanic eDNA pos-
itive signals resulted from recent spawning of Japan-
ese eels, the eDNA must have been greatly diluted or
degraded. It seems possible that some eDNA from a
spawning event could have remained at those sta-
tions until the day of water sampling. Based on egg
and adult collection data in the spawning area
(Tsukamoto et al. 2011, Aoyama et al. 2014), spawn-
ing may occur at depths as shallow as about 150-
200 m. All previous information from collections of
eggs, preleptocephali, and the back-calculated hatch-
ing dates of larvae indicated that spawning occurs
around the new moon (Ishikawa et al. 2001, Tsuka-
moto et al. 2003, 2011, Aoyama et al. 2014). However,
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a more detailed spawning date analysis using egg
collection dates and their stages and developmental
rates (Ahn et al. 2012) during 3 previous surveys (T.
Higuchi et al. unpubl. data) suggested that spawning
of Japanese eels likely occurs about 2-4 d before the
new moon, with a peak on the third day before new
moon, which in our survey would have been 3-5 d
before sampling. Thus, it is unclear if the eDNA from
spawning would have lasted for 3-5 d, if the eDNA
was from the larvae that were produced from spawn-
ing, or if it could have been from adult eels that
may vertically migrate through the 250-400 m depths
(Higuchi et al. 2018).

Although the source of the Japanese eel eDNA
cannot be determined, our study established that this
type of methodology can be helpful in spawning
ecology research. It is clear that we need to learn
more about Japanese eel eDNA production and
degradation. Information such as the influence of
body size and sex on eDNA concentration is lacking,
so this study must rely on inference. To plausibly
infer the distribution and spawning events of Japan-
ese eels along the southern West Mariana Ridge, lab-
oratory experiments are needed to examine eDNA
decay rates in seawater and the effect of life history
stages and the numbers of Japanese eels on eDNA
release rates.

4.3. Prospects

Our first attempt to detect Japanese eel eDNA in
their spawning area indicates that this technique has
the potential to provide information about the loca-
tions and depths where they are present, which can
assist efforts to observe their spawning aggregations
and behavior. Although eDNA detections have un-
certainties associated with the life history stages
of target species (larvae, juveniles, or adults), eDNA
dispersion distance, decay rate, and the source of
eDNA (from sperm, eggs, other tissues), combining
onboard eDNA analysis results with the information
from historical spawning area research (Tsukamoto
et al. 2003, 2011, Aoyama et al. 2014) has the poten-
tial to facilitate efforts to increase understanding of
the spawning ecology of Japanese eels in the near
future. Moreover, this non-invasive technique is
likely transferrable for use in studying other anguillid
species, and endangered and key commercial spe-
cies such as bluefin tuna Thunnus thynnus, to make
significant contributions to species management,
population dynamics, and biodiversity conservation
in the marine environment.
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