Landscape and Ecological Engineering (2023) 19:55-67
https://doi.org/10.1007/s11355-022-00519-5

SPECIAL FEATURE: ORIGINAL PAPER q

Check for
Environmental DNA as a Practical Tool for Aquatic Conservation and Restoration updates

Comparative study on nuclear and mitochondrial DNA of Ayu
Plecoglossus altivelis for environmental DNA-based spawning
evaluation

Minoru Saito'2® . Satsuki Tsuji® - Ryohei Nakao' - Seiji Miyazono' - Yoshihisa Akamatsu’

Received: 31 January 2022 / Revised: 30 June 2022 / Accepted: 9 July 2022 / Published online: 29 July 2022
© The Author(s) under exclusive licence to International Consortium of Landscape and Ecological Engineering 2022

Abstract

Understandings of fish spawning are important for the effective riverine ecosystem and fisheries resources management.
Application of environmental DNA (eDNA) analysis would allow fish spawning evaluation at a high temporal and spatial
resolution due to its less-labor intensive property, compared to the conventional collection methods. However, the relative
performance of the two eDNA-based methods used to evaluate fish spawning, pre and post comparisons of eDNA concen-
trations and nuclear DNA to mitochondrial DNA ratio, has not been compared in the field. We evaluated whether spawning
events of Ayu Plecoglossus altivelis could be identified from day (pre-spawning) to night (post-spawning) changes in eDNA
concentrations using nuclear DNA (RAG1, nuDNA) and nuDNA/mitochondrial DNA ratio in comparison to the conventional
mitochondrial DNA (cyt b, mtDNA). In addition, the relative sensitivity of nuDNA concentrations in spawning evaluation
was compared with mtDNA concentrations. Water samples were collected biweekly in the lower Takatsu River, western
Japan, between early October and early December 2020, covering the spawning season of the fish species. Generalized
linear mixed-effects models (GLMM) showed that Ayu spawning could be detected by nuDNA concentrations likewise by
mtDNA concentrations, while nuDNA/mtDNA ratio could not detect spawning earlier in the spawning season. GLS models
showed that the day-to-night increase in the eDNA concentrations was more profound for nuDNA than for mtDNA during
the main spawning period of the fish. Our findings insist that the application of nuDNA concentrations better serves as a
tool for evaluating Ayu spawning intensity in eDNA analysis.
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Introduction

Conservation and rehabilitation of fish spawning habitats
are important aspects of the riverine ecosystem and fish-
eries stock management (Maitland 1995; Wheaton et al.
2004; Cooke et al. 2012). Since many fish species aggregate
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caridina.ms @ gmail.com takes place, degradation, loss, or blocking of the migration
routes to and from the spawning habitats would negatively
affect the within river population of the fish species (John-
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plankton nets (Takahashi et al. 1999; Grabowski and Isely
2007; Bylemans et al. 2017; Inui et al. 2018). Direct obser-
vations require skilled surveyors for collecting reliable data.
The collection methods need to sample the eggs or larvae
that may be vulnerable to physical pressure or cause distur-
bance to the spawning ground during underwater or wading
surveys, potentially resulting in the wash down of the laid
eggs. In addition, conventional surveys are labor intensive,
inhibiting detailed sampling at short temporal or spatial
intervals (c.f. Bylemans et al. 2017; Yoshida et al. 2019).

Environmental DNA (eDNA) analysis can provide a less
intrusive and less time-consuming alternative for survey-
ing fish spawning. eDNA analysis is a technique that can
estimate the presence/absence or relative abundance of the
target species from the DNA fragments present in environ-
mental samples, including soil, water, and air (Rees et al.
2014; Barnes and Turner 2016). There are three major steps
in environmental DNA analysis; environmental sample col-
lection, DNA extraction from the environmental samples,
and PCR of the extracted DNA using species-specific prim-
ers. In the case of aquatic samples, the only step done in the
field for eDNA analysis is water sampling. This property
of eDNA analysis enables non-intrusive surveys of fishes
that do not require the physical collection of the target spe-
cies. In addition, eDNA surveys could be carried out at short
temporal intervals or at multiple spawning sites on the same
day (c.f. Tillotson et al. 2018; Thalinger et al. 2019; Inui
et al. 2021).

Two methods have been proposed for identifying fish
spawning events in the field, with the relative abundance
of the spawning adults taken into consideration. One relies
on the marked increase in eDNA concentrations between
pre- and post-spawning events within the same day. This
approach has been shown effective for fishes known to
spawn in a limited time within a day, Ayu Plecoglossu
altivelis (Temminck and Schlegel 1846) (e.g. Inui et al.
2018; Yoshida et al, 2019) and two Medaka species Oryzias
latipes and O. sakaizumii (Tsuji and Shibata 2021), based on
field surveys. In Ayu, the spawning detection technique was
applied to identify spawning sites or the spawning period in
the surveyed rivers and to evaluate the relative intensity of
spawning among dates, sites, or different time periods on the
same day (Yoshida et al, 2019; Saito et al. 2020; Inui et al.
2021). These studies used mitochondrial DNA (hereafter
mtDNA) as the target region for primers in PCR. The main
reasons include the abundance of DNA copy numbers per
cell and the abundance of sequence data available online
leading to the relative ease in primer development (Foran
2006; Minamoto et al. 2017; Bylemans et al. 2018; Jo et al.
2020). Another is based on the ratio of nuclear DNA (hereaf-
ter nuDNA) and mtDNA. Bylemans et al. (2017) conducted
tank experiments simulating spawning by milt supplemen-
tation using a gravel spawner, Macquarie Perch Macquaria
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australasica, as the target species. NuDNA/mtDNA ratio of
the fish increased immediately after the simulated spawning
and remained detectable for 40-60 h depending on fish den-
sity. However, when water samples were taken prior to and
during the spawning season of the fish in a river, a relatively
high nuDNA/mtDNA ratio was observed only in one of the
two spawning period surveys.

To date, the relative sensitivity of the two eDNA-based
approaches used for fish spawning detection or evaluation
has not been compared in the field. In the approach based
on eDNA concentration increase, the use of nuDNA has not
been attempted. NuDNA may yield better sensitivity than
mtDNA, as copy numbers of nuDNA are fixed among the
cells within each individual (Long and Dawid 1980) unlike
mtDNA. The number of mitochondria in sperms, the main
source of eDNA increase during the spawning events (Tsuji
and Shibata 2021), is an order of magnitude smaller com-
pared to the numbers in somatic cells (e.g. Gwo et al. 1994;
Moraes 2001; Islam and Akhter 2012). In the approach using
nuDNA/mtDNA ratio, further refinements may be needed to
accomplish stable detection of spawning events in the field.

Ayu can be a great target species to compare and validate
the two eDNA-based methods used for fish spawning sur-
veys in the field. Ayu has a high economic value as a fisher-
ies resource and as a target species for recreational fishing in
Japan (Takahashi and Azuma, 2016; Ministry of Agriculture,
Forestry and Fisheries 2021), making this species especially
important for stock management within rivers and streams.
Ayu is a diadromous fish species found in coastal streams
and seas in East Asia, distributed from northern Vietnam in
the south to Hokkaido in Japan in the north (Nishida 2005;
Tran et al. 2017). During the growing season in freshwater
habitats, Ayu feeds on benthic algae during the daytime and
rests in slowly flowing areas around boulders or in pools dur-
ing the night (Miyadi 1960; Takahashi 2009). In the fall, the
entire population of Ayu migrate downstream to the lower
reaches for spawning (Iguchi et al. 1998; Lucas et al. 2001)
and die there by the end of the spawning season (Nishida
2005). Spawning usually takes place in the evening to earlier
in the night in gravel beds located in riffles (Ishida 1961;
Takahashi and Azuma 2016; Yoshida et al. 2018), meaning
that the amount of eDNA containing materials released from
the fish individuals, dominantly the sperms, increase day to
night near and downstream of the spawning site.

The present study aimed to compare the relative detect-
ability of fish spawning between the two eDNA-based
approaches and the relative sensitivity of nuDNA compared
to that of mtDNA in spawning evaluation using Ayu as the
target species. We carried out water sampling surveys cov-
ering the Ayu spawning season in the Takatsu River, west-
ern Japan. Pre- (daytime) and post-spawning (nighttime)
concentrations of Ayu eDNA were quantified for mtDNA
and nuDNA. Then, nuDNA/mtDNA ratio was calculated
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to evaluate the relative performance of mtDNA concentra-
tions, nuDNA concentrations, and nuDNA/mtDNA ratio in
the spawning detection of Ayu using generalized linear mod-
els or generalized linear mixed-effects models. The relative
sensitivity of nuDNA in comparison to mtDNA for spawn-
ing evaluation was tested by constructing generalized least
squares models and carrying out the model selection.

Materials and methods
Field surveys

Takatsu River flows from the western Chugoku Mountains
and pours into the Sea of Japan at Masuda, Shimane Pre-
fecture, western Japan (Fig. 1). The main channel length is
81 km, with a catchment area of 1090 km?. The Ayu popu-
lation in this river is comprised of wild and stocked fish
(Terakado et al. 2016). Most of the weirs and low-head dams
in the lower to middle reaches of the Takatsu River are low
enough or are equipped with functioning fishways so many
of the Ayu could ascend the obstacles during its upstream
migration from the sea or the released site, and vice versa
in the fall prior to spawning (Hamano 2016; Terakado et al.
2016). In recent years, Ayu stocked in the Takatsu River
do not include seedlings originating from the Lake-Biwa
population (A. Okino and H. Terakado, personal communi-
cation) that has a spawning season starting about one month
earlier than the wild Ayu in western Japan (Nishida 2005).
The sampling sites (St.a—c) were set in the riffles of the three
major spawning sites in the Takatsu River (Terakado et al.
2015; Inui et al. 2021; Figs. 1, 2).

Environmental DNA concentrations reflect fish biomass
in the reaches upstream of the sampled sites at differing
ranges depending on discharge (e.g. Wilcox et al. 2016). Key
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Fig. 1 A map showing the locations of the Takatsu River and the sur-
vey sites

Fig.2 Photographs of the survey sites and the positions of water sam-
pling (gray arrows) in each site. (a) St.a, (b) St.b, (c) St.c

factors affecting the dynamics of eDNA-containing materi-
als include settling, diffusion, advection, and resuspension
(Barnes and Turner 2016). The distances between the sam-
pling sites in this study were approximately 1 km, which is
thought to be within the range of downstream transport of
the eDNA-containing materials in previous studies under-
taken in rivers (e.g., Pont et al. 2018; Mizumoto et al. 2022).
Dynamics simulations in Kobayashi et al. (2021) showed
that in the lower Takatsu River, a large proportion (ca. 95%)
of eDNA-containing materials (mucus and feces) released
by Ayu in the riffles and runs settled in deep pools located
within ca. 1 km downstream under base-flow conditions
(discharge <32.5 m?/s). Saito et al. (2020) conducted eDNA
surveys using mtDNA primer—probe set to compare daytime
to nighttime increases between one hour and three hours
after the sunset during the Ayu spawning season in 2019, at
the same survey sites as the present study. Daytime to the
nighttime increase observed in an upper reach site was not
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always observed similarly at the site located downstream,
1 h and 3 h after sunset. Based on these reports, we assumed
that in the Takatsu River, the effects of eDNA release in
the upstream sites were reasonably small, compared to the
eDNA released in the riffle where water samples were taken.

Biweekly water samplings for Ayu eDNA analysis were
done at the three sites in the lower Takatsu River (Figs. 1,
2). The sampling period was between October 1, 2020, and
December 1, 2020 (Fig. 3), covering the spawning season
of Ayu in the river (Terakado et al. 2015; Inui et al. 2021,
Shimane Prefectural Fisheries Technology Center 2022).
Three liters of surface water were taken with a bucket or
a dipper near the lower end of riffles in each sampling site
twice a day; once in the daytime (two to five hours before
sunset, hereafter daytime samples), and once in the night-
time. Nighttime water sampling was conducted between one
and two hours after sunset (hereafter nighttime samples) in
this study, as the increase in eDNA concentration due to
spawning may cease by three to four hours after sunset, espe-
cially on cloudy days (Saito et al. 2020). The three-liter sur-
face water was dispensed into three separate one-liter plas-
tic bags with screw caps (DP16-TN1000, Yanagi, Nagoya,
Japan). Next, 1 ml of benzalkonium chloride (Takeda Phar-
maceutical, Osaka, Japan; final concentration in the sam-
ples: 0.01% w/v) was added to each bag sample and mixed
well for suppressing potential DNA breakdown caused by
microbial activities (Yamanaka et al. 2017). To minimize
the mechanical breakdown of eDNA, the packed water
samples were filtered on-site using a portable water pump
(DP0105-XF-0001j, Nitto Kohki, Tokyo, Japan) and filter
cartridges (PP-47, ADVANTEC, Tokyo, Japan) equipped
with GF/F fiberglass filters (¢: 47 mm, pore size: 0.7 pm;
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Fig.3 Discharge and water temperature in the lower Takatsu River
(above) and the tidal difference at Hamada, a city ca. 35 km northeast
of the surveyed sites (below). Vertical lines show each survey date.
Spring tides are shown with bold horizontal lines, accompanied by
the full moon or new moon symbols (see Fig. 1).
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GE Healthcare Japan) (c.f. Yamanaka et al. 2016). One liter
of water sample was filtered with each fiberglass filter. After
filtration, each fiberglass filter was immediately frozen by
sandwiching the wrapped filters with ice packs capable of
maintaining — 16 °C degrees for over 16 h (Neo-Ice, Kawai-
Giken, Ichinomiya, Japan). In the laboratory, filter samples
were stored in a freezer at — 20 °C until eDNA extraction.
One liter of deionized water was treated with benzalkonium
chloride on-site and then filtered in the same manner as the
remaining samples to check for potential Ayu DNA contami-
nations. The distilled water samples serve as filtration and
DNA extraction negative controls but only partly as field
negative controls, as the bottles were not opened at the posi-
tion of water sampling. All the non-disposable water sam-
pling and filtration equipment were bleached (final concen-
tration: 5% v/v) and then thoroughly rinsed with DNA-free
deionized water before usage. An exception was the water
sampling bucket, which was covered with a new plastic bag
prior to sampling at a different site.

Water temperature was measured on the sampling occa-
sions and recorded at St.a (Fig. 1) every 15 min by a tem-
perature logger (Water Temp Pro v.2, Onset, Bourne, MA,
USA). Discharge data for the surveyed reaches were cal-
culated from depth measured hourly at two nearby gauge
stations (Ministry of Land, Infrastructure, Transport and
Tourism 2021) and the H-Q equation for each gauge sta-
tion. Tidal difference data for Hamada (a city located ca.
30 km northeast of the river mouth of the Takatsu River)
were taken from an online archive (Japan Meteorological
Agency, 2021).

eDNA analysis

Prior to eDNA extraction, fiberglass filters were pre-centri-
fuged at 5000g for 1 min to minimize the amount of benza-
lkonium chloride remaining in the filters that reduces fish
eDNA yield (Tsuji et al. 2022). eDNA were then extracted
from the filters using a DNA extraction kit (DNeasy Blood
& Tissue Kit; QIAGEN, Hilden, Germany) and Salivette
tubes (Sarstedt, Niimbrecht, Germany), following Tsuji
et al. (2022) and the manufacturer’s instructions, as follows.
Each fiberglass filter was placed in a separate Salivette tube,
treated with 200 pl Buffer AL and 20 pl proteinase K solu-
tion, and then incubated at 56 °C for 30 min. Next, The
Salivette tubes with filters were centrifuged at 5000g for
5 min. After adding 220 pl Tris—EDTA (TE) buffer to the
filter, the samples were re-centrifuged at 5000g for 1 min.
Following the addition of 200 pl ethanol, the solution was
transferred to a spin column. The solution in a spin column
was purified following the manufacturer’s instructions for
DNeasy Kit (QIAGEN). At last, total eDNA was eluted in
100 pl buffer AE. The extracted eDNA samples were stored
at -20 °C until running PCR.



Landscape and Ecological Engineering (2023) 19:55-67

59

The copy numbers of Ayu eDNA were quantified using
two species-specific primer—probe sets targeted to mtDNA
(cytochrome b, cyt b; Yamanaka and Minamoto 2016) or
nuDNA (recombination activating gene 1, RAG1; Tsuji et al.
in prep.). We initially attempted to develop a species-spe-
cific primer—probe set for Ayu targeting multi-copy region
nuDNA. However, of the target regions tested (internal tran-
scribed spacer 1, ITS1; ITS2; 18S ribosomal RNA gene;
5.8S), none qualified to be species-specific, due to low inter-
specific variations and high GC content of the sequence,
especially for the ITS regions. Thus, an already available
nuDNA primer—probe set targeting a single copy region,
RAGI1 (Lépez et al. 2004), was used instead (Tsuji et al. in
prep.). Species specificity of the nuDNA primer—probe set
was tested by running PCR on a web-based DNA database,
primer BLAST (National Center for Biotechnology Infor-
mation, National Institute of Health; https://www.ncbi.nlm.
nih.gov/). Next, PCR was run using DNA extracted from
tissues of Ayu and two Osmerifoms, the Japanese Smelt
Hypomesus nipponensis McAllister, 1963 and the Japanese
Ice Fish Salangichthys microdon (Bleeker 1860). Both spe-
cies belong to sister families of Plecoglossidae (L6pez et al.
2004) and are the only Osmeriform species found in rivers
and streams around the Takatsu River (Hamano, 2016). In
both tests, only the Ayu DNA was amplified, confirming the
species specificity of the nuDNA primer—probe set devel-
oped by Tsuji et al. (in prep.).

Quantitative PCR was performed in triplicate using a
CFX Connect Real-Time PCR Detection System (Bio-Rad,
Hercules, CA, USA). Plasmid DNA that contains the tar-
get region at pre-set concentrations (3 x 10'-10° copies per
reaction for mtDNA and 3 x 10'-10* copies per reaction for
nuDNA, respectively) and PCR negative controls (ultrapure
water) were also amplified in all qPCR runs. All reactions
were performed in a 15-pL total volume, comprising of 1 pl
primer—probe mix (900 nM of primers and 125 nM probe),
7.5 pl TagMan Environmental Master Mix 2.0 (Life Tech-
nologies, Carlsbad, CA, USA), 0.1 pl AmpErase Uracil
N-Glycosylase (UNG; Thermo Fisher Scientific, Waltham,
MA, USA), 4.4 puL sterilized water (Nacalai Tesque, Kyoto,
Japan), and 2 pL. eDNA solution. The qPCR conditions were
as follows: UNG incubation at 50 °C for 2 min, denatura-
tion at 95 °C for 10 min, followed by 55 cycles of 95 °C for
15 s and 60 °C for 60 s. The eDNA concentration of each
sample was the average of the triplicate estimated based on
the standard line constructed from the results of the stand-
ard samples. The efficiency of qPCR ranged 85.54-101.79%
(Supplementary Table 1). The R? values of the standard lines
were 1.00 in all the quantitative PCR runs (Supplementary
Table 1). Ayu DNA was not detected from any of the PCR
negative controls. However, Ayu DNA was detected from
the filtration and DNA extraction negative control samples
at concentrations of 0-29 copies/pl (see Supplementary

Table 2). Therefore, eDNA concentrations of the samples
were calibrated by subtracting the average eDNA concentra-
tions of the corresponding negative control sample.

Statistical analyses

Daytime and nighttime mtDNA concentrations were com-
pared, survey date separately, using generalized linear
mixed-effects models (GLMM, Bolker et al. 2009), to check
if spawning events likely have taken place on that day. In
GLMM, mtDNA was used as the response variable, whereas
sampling hour (day/night) was used as the explanatory varia-
ble. Since three replicates of water samples were taken at the
same position in each site, data from the same site are likely
to be correlated, violating the independence assumption in
generalized linear models (GLM) (Zuur et al. 2009). Here,
both within-site correlation and site-specific trends of the
response variable were incorporated into the model as site-
specific random intercepts (Pinheiro and Bates 2000). The
probability distribution of the response variable was taken to
be following gamma distribution with the log link function.
If the effect of the night is significant with positive coeffi-
cients, the corresponding survey date was designated as the
“main spawning period” in the following analyses. Daytime
and nighttime nuDNA concentrations were compared, sam-
pling date separately, as in mtDNA. NuDNA/mtDNA ratio
was compared day to night using GLM with quasi-binomial
distribution, as the inclusion of the site-specific random
intercept did not resolve overdispersion in GLMM based on
binomial probability distribution with the logit link function.

Next, models were constructed with generalized least
squares (GLS) to evaluate the relative sensitivity of nuDNA
concentrations for Ayu spawning surveys compared to
mtDNA. GLS is an extension of ordinary linear models
(LM) that can account for heterogeneity in the response vari-
able (here, variance increases in accordance with mtDNA
concentration increase; Pinheiro and Bates 2000). GLM
or GLMM were not used here, as an increase in mtDNA
concentration is likely to be linearly reflected in nuDNA
concentration, resulting in a normally distributed error struc-
ture when fitted with LM. The response variable was the
nuDNA concentrations, whereas the explanatory variables
were mtDNA concentration, day/night, water temperature,
and whether the sampling date was in the “main spawning
period” or not. The first-order interaction terms between the
mtDNA concentrations and all the remaining explanatory
variables were also used in the full model. The presence
of heterogeneity was checked by comparing the AIC of the
GLS and LM that included all the explanatory variables
(Zuur et al. 2009). The absence of multicollinearity was
also checked prior to the analyses based on the correlation
coefficients between the explanatory variables (» <0.7) and
the variance inflation factor (VIF; VIF < 10, Supplementary
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Table 3). An explanatory variable was taken to be affecting
nuDNA concentrations if that variable was in the best model
selected after best-subset model selection based on AIC,
with a significant Wald test statistic based on #-distribution
for that valuable. All statistical analyses were carried out
using R ver. 4.1.1 (R Core Team 2021) with the packages
car, Ime4, MuMIn, and nlme.

Results
Environmental conditions

The water temperature within the surveyed reaches ranged
7-23 °C from September to December (Fig. 3). By mid-
October, water temperature became constantly lower than
20 °C throughout the day. Water temperature of the three
sampling sites showed similar values on each survey date.
Flooding events, a trigger for downstream migration of
Ayu prior to spawning (Iguchi et al. 1998; Takahashi and
Azuma 2016), were observed in September (Fig. 3). Since
no typhoons approached or passed close by to the surveyed
region in 2020, no other major floods occurred during the
surveyed period.

Day to night changes in each index

In a nighttime sample collected at St.b on October 15, an
Ayu larva was trapped on a fiberglass filter. Thus, the sample
was omitted from the further analyses. Results of GLMM
showed that Ayu mtDNA concentrations (c.f. Supplemen-
tary Table 1) significantly increased from day to night on
two out of the five sampling dates (October 15 and Novem-
ber 15; Fig. 4, Table 1; raw data and efficacy of each PCR
run shown in Supplementary Tables 1, 2). On November 2,
when data for St.c were excluded from the analysis, night-
time mtDNA concentrations were shown to be significantly
higher than the daytime concentrations (Table 1). There-
fore, samplings between October 15 and November 15 were
designated as the “main spawning period” in the following
analyses. Similarly, results of GLMM showed that nuDNA
concentrations rose significantly from day to night on Octo-
ber 15, November 2, and 15, while not on October 2 (Fig. 4;
Table 2). GLMM based on gamma distribution could not
be constructed for the survey on December 1, due to many
observations of zeros (c.f. Supplementary Table 1). NuDNA/
mtDNA ratio rose significantly from day to night on Novem-
ber 2 and 15, but not on October 2, 15, and December 1
(Fig. 4; Table 3).

Mitochondrial DNA Nuclear DNA NuDNA/mtDNA ratio
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Fig.4 Day-night comparisons of mitochondrial DNA concentrations
(left), nuclear DNA concentrations (center), and nuclear DNA/mito-
chondrial DNA ratio (right) for Ayu in the lower Takatsu River. Bars
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and plots show the means of the three 1-L water samples at each site
and values of individual water samples, respectively
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Table 1 Summary of the Survey date Model Intercept® Variance Log-likelihood AIC  AAIC
GLMM based on gamma
distribution comparing Coef” Std.error Randomint Resid
mitochondrial eDNA
concentrations between day and Oct.02 Full 10.308 0.463 0.146 0.113 -—188.2 384.3
night Null 10.077 0.440 0.176 0.191 —193.6 3932 89
Oct.15 Full 8.964 0.254 0.058 0.135 -167.9 343.8
Null 9.563 0.276 0.122 0.521 -1782 3624 18.6
Nov.02 Full 10.333  0.230 0.021 0.428 —204.9 417.8
Null 10.522 0.191 0.032 0.504 —205.6 4172 -0.6
Full, Sta&b  9.913 0.281 0.050 0.123 —129.7 267.4
Null, Sta&b 10.564 0.267 0.065 0514 —-137.7 281.5 14.1
Nov.15 Full 10.321 0.425 0.227 0512 -2125 433.1
Null 10.796 0.471 0.359 0.578 —215.1 436.2 3.1
Dec.01 Full 7.707 0.357 0.108 0.206 —1475 303.1
Null 7479 0.292 0.076 0.238 - 150.1 306.1 3.0
“Baseline intercept for daytime in full models
"Bold numerals indicate significant wald test results at a=0.05 level
Table2 Summary of the GLMM based on gamma distribution comparing nuclear eDNA concentrations between day and night
Survey date Model Intercept® Night Variance Log-likelihood AIC AAIC
Coef. Std. error Coef.® Std. error Random int Resid
Oct.02 Full 7.621 0.147 —-0.153 0.163 0.011 0.111 —143.0 2939 -
Null 7.550 0.113 - - 0.007 0.111 - 1434 292.8 - 1.1
Oct.15 Full 7.434 0.330 1.097 0.232 0.116 0.265 —147.8 303.5 -
Null 8.087 0.386 - - 0.297 0.686 — 1553 316.5 13.0
Nov.02°¢ Full 8.038 0.386 1.296 0.470 0.070 0.981 —176.1 360.2 -
Null 8.844 0.312 - - 0.032 0.504 - 179.5 365.0 4.8
Nov.15 Full 7.668 0.498 1.830 0.442 0.338 0.625 - 175.7 359.5 -
Null 8.854 0.624 - - 0.817 0.821 - 1827 371.4 11.9

“Baseline intercept for daytime in full models

"Bold numerals indicate significant wald test results at a=0.05 level

“Data from all three survey sites were used in the analysis unlike that for mitochondrial DNA concentrations

Table3 Summary of the

GLM based on quasi-binomial
distribution comparing nuclear
DNA to mitochondrial DNA

ratio between day and night

Survey date  Intercept® Night Dispersion  Null deviance = Residual deviance
b b parameter
Coef.” Std.error Coef.” Std. error

Oct.02 -2.860 0.225 0344 0.331 878.5 12,147.0 11,204.0

Oct.15 -1.549 0.144 0.192  0.165 254.8 4320.5 3968.0

Nov.02¢ -2.246  0.203 0.897 0.233 1099.9 38,873.0 20,649.0

Nov.15 -2.681 0.145 1.183 0.152 347.8 33,575.0 5941.6

Dec.01 -5.100 0.793 1.520 0912 78.1 1356.7 1095.7

“Baseline intercept for daytime in full models

"Bold numerals indicate significant wald test results at @ =0.05 level

“Data from all three survey sites were used in the analysis unlike that for mitochondrial DNA concentra-

tions
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Relationships between mtDNA and nuDNA
concentrations

Data from December 1 were not used here because of low
nuDNA concentrations, indicating that most of the adults
have died after spawning by then. GLS models with constant
variance increase in accordance with the mtDNA concentra-
tion increase showed lower AIC than the LM (AAIC=58.5).
Thus, the variance term was applied to all the models in the
subsequent analyses. The best model included all the explan-
atory variables except for the interaction term between water
temperature and mtDNA concentrations. No models were
within 2 AAIC from the best model. The Wald test statis-
tics were significant for all the variables selected in the best
model except for an intercept term, October 2. The results
of the model selection and the Wald test statistics indicated
that all the selected variables are essential for explaining
nuDNA-mtDNA relationship, whereas the contribution of
water temperature to the relationship is marginal. Inspecting
the slope terms, a positive relationship was found between
mtDNA and nuDNA concentrations. The effect of the inter-
action term between mtDNA concentrations and night was
also positive, showing that the day-to-night increase in
eDNA concentrations was more profound in nuDNA than in
mtDNA (Fig. 5). The effect of the interaction term between
mtDNA and October 2 was negative, indicating that the rela-
tive increase in nuDNA concentrations compared to mtDNA
was greater in the “main spawning period”, which was set as
the baseline in the analysis.

Discussion

Our results showed that day/night comparison of nuDNA
concentrations is effective for detecting Ayu spawning
events as in the conventional method based on mtDNA
concentrations. An increase in fish eDNA concentrations
from daytime to nighttime can be due to a simple increase
in fish abundance or fish activity levels rather than spawn-
ing, but it is unlikely in Ayu. Ayu is a diurnal fish species
that feed on benthic algae growing on the rocky substrate
during the daytime and rests at the night (Miyadi 1960;
Takahashi 2009), so the fish activity level is considerably
lower at the night (Minh-Nyo et al. 1991). Spawning takes
place mainly in riffles from evening to early night, while
fish not ready for spawning stay in slowly flowing areas
near the spawning sites (Nishida 2005; Takahashi 2009).
Consequently, it is reasonable to assume that the increase
in eDNA concentrations from daytime to nighttime is due
to spawning behavior.

Next, we consult the validity of day—night comparisons
of eDNA concentrations for identifying spawning events
based on comparisons with collection survey results. Col-
lection of drifting larvae near the spawning site is a widely
adopted method to survey the stock status of Ayu, including
the spawning period and relative intensity of spawning (e.g.
Tago 1999; Tran et al. 2018). In the Takatsu River, drifting
Ayu larvae were collected biweekly between October and
December in 2020 at St.a, with a clear peak in early- to
mid-November (Shimane Prefectural Fisheries Technol-
ogy Center 2022). It takes ca. 10-14 days for Ayu larvae
to hatch, with its duration dependent on water temperature
(Kashiwagi et al. 1986). Consequently, the peak in Ayu
spawning in the Takatsu River in 2020 is estimated to be
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Fig.5 Relationships between mitochondrial DNA concentrations
and nuclear DNA concentrations. Left: day, right: night. The black
and gray lines show the fitted trends of nuclear DNA concentrations
based on the best generalized least squares model (Table 4) for the
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main spawning period (October 15-November 15) and October 2,
respectively. Note that the range of the x and y-axis (upper right) dif-
fers between the two graphs due to higher mitochondrial and nuclear
DNA concentrations in the nighttime
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between mid-October to early November. The survey dates
with significant day/night increase in nuDNA concentrations
(surveys between October 15 and November 15) covered
the peak drifting period of Ayu larvae, as well as the trend
shown by mtDNA (Fig. 4; Tables 1, 2). Based on the gen-
eral ecology of Ayu and temporal concordance of relative
abundance between drifting larvae collection and the eDNA
surveys, it is reasonable to convey that day to night increase
of both mtDNA and nuDNA concentrations serve as indices
for Ayu spawning.

Ayu may not use all the spawning sites at the same inten-
sity throughout the spawning season, due to changes in
fish abundance levels, fish sizes, fish conditions, and the
physical environment of the substrate (Ishida 1964; Aizawa
2012; Terakado et al. 2015). Inferring from mtDNA and
nuDNA concentrations, fish abundance level and spawning
intensity tended to be higher in St.b compared to the other
two sites (Fig. 4). St.b is the most intensely used spawning
site in recent decades (Terakado et al. 2015). Although we
lack quantitative data, the substrate of St.b was dominated
by gavels and pebbles, the suitable particle sizes for the
Ayu’s spawning site (Ishida 1961; Takahashi and Azuma
2016; Yoshida et al. 2018), which likely have contributed
to higher fish abundance and spawning intensity at St.b.
On November 2, daytime mtDNA and nuDNA concentra-
tions were higher than the nighttime at St.c (Fig. 4). At St.c,
the largest number of the predatory birds within the survey
period (more than a dozen of egrets Egretta spp. and the
Great Cormorant Phalacrocorax carbo, respectively) were
sighted inside the channel during the daytime. The abun-
dance of the predatory birds, in addition to the precipita-
tions, might have increased daytime fish DNA shedding at
St.c on November 2. Although eDNA concentration rose
day to night on November 15 (Fig. 4; Tables 1, 2), the num-
ber of the larvae collected two weeks later (the estimated
hatching period of the eggs laid in mid-November) was 1/3
to 1/4 of the peak period for (Shimane Prefectural Fisheries
Technology Center 2022). The results could be explained
by the Ayu stock enhancement activities in the surveyed
river. In the Takatsu River, spawning adults were released
in St.b late in the spawning period (November 9—-10, 2020)
(Takatsu River Fisheries Cooperative Association, personal
communication). During the field surveys on November 15,
the school of Ayu and its spawning activities were observed
in St.b. Hence, the released fish individuals, in addition to
the wild Ayu individuals and their spawning activities, likely
have contributed to increases in eDNA concentrations on
November 15 at St.b.

NuDNA/mtDNA ratio was shown capable of detecting
Ayu spawning events on November 2 and 15, but not on
October 15 (Fig. 4; Table 3) within the “spawning period”.
On October 15, nuDNA/mtDNA ratio did not rise day to
night, but when inspected separately, both nuDNA and

mtDNA concentrations rose day to night on this survey
date (Tables 1, 2). Possible sources of night-specific Ayu
eDNA increase other than spawning adults include hatch-
ing larvae and eggs, carcasses, and spermatozoa and eggs
released during the spawning. Hatching occurs soon after
sunset in Ayu (Tago 1999; Takahashi and Azuma 2016).
However, both mtDNA and nuDNA concentrations were low
in the survey on December 1 (Fig. 4), when eggs lain ca.
two weeks earlier are hatching (c.f. Kashiwagi et al. 1986).
Since mid-November recorded high eDNA concentrations
(Fig. 4), it is unlikely that the eggs and hatching larvae
contributed greatly to mtDNA increase during the night.
Carcasses are also thought to have a small contribution in
the present study, unlike in Sockeye Salmon Oncorhynchus
nerka (Tillotson et al. 2018), considering that only a few
dead Ayu were spotted near the riverbanks during the field
surveys. Therefore, spermatozoa released during the spawn-
ing events, the major source of eDNA increase during and
soon after the spawning (Bylemans et al. 2017; Tsuji and
Shibata 2021) are of the primary concern.

In Ayu, larger individuals and males mature earlier
and migrate downstream earlier to the spawning grounds
located in the lower reaches (Iguchi et al. 1998; Takahashi
and Azuma 2016). This result in larger fish sizes and a more
male-biased sex ratio around the spawning ground in the
early spawning season compared to the later period (Ishida
1959; Tachihara and Kimura 1991; Takahashi and Azuma
2016). Due to the biased sex ratio, only a part of the males
are expected to participate successfully in spawning, insist-
ing that the proportion of the males releasing spermatozoa
is also limited earlier in the spawning season. The relative
abundance of larger individuals would also yield a less pro-
found daytime to nighttime increase in nuDNA/mtDNA ratio
in the earlier spawning season (Fig. 4; Table 3). The num-
ber of mitochondria per cell decrease with aging/ increase
in body sizes (Moraes 2001; Hartman et al. 2011). Hence,
shedding rates of mtDNA per unit weight tend to be smaller
in larger individuals within the same species (Maruyama
et al. 2014; Takeuchi et al. 2019). Jo et al. (2020) demon-
strated that in the Japanese Jack Mackerel Trachurus japoni-
cus, mtDNA (cyt b)/nuDNA (ITS1) ratio is lower in the tank
carrying larger-sized individuals. Since the baseline daytime
nuDNA/mtDNA ratio is thought to be higher because of
larger fish sizes, an increase in nuDNA/mtDNA ratio from
daytime to nighttime would likely be less profound, even if
spawning events were taking place between the daytime and
nighttime water samplings. Limited sperm release earlier in
the spawning season and/or relative abundance of larger fish
could have hampered the increase in nuDNA concentrations
from daytime to nighttime compared to mtDNA concentra-
tions, making nuDNA/mtDNA ratio not a good indicator for
Ayu spawning earlier in the spawning period in the present
study.
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Table 4 Summary of the GLS models for identifying factors affecting
the nuclear DNA concentrations

Variable? Best model Full model
Coef. Std. error  Coef.? Std. error
Intercept
Day® —7243.167 2006911 — 4035.457 2446.714
Night — 1232471 509.298 —1615.845 525.619
Oct.02 249.575 688.003  1428.692 861.34
Slope
MIDNA® 0.135 0.022 —0.141 0.129
MtDNA*night  0.125 0.023 0.135 0.023
MtDNA*Qct.02 - 0.153 0.029 —0.253 0.054
MDNA*temp  — - 0.017 0.008
Temp 391.765 101.159  204.565 130.75
Log-likelihood  — 608.5 —-610.2
AIC 1233.0 1238.3
AAIC - 53

*Data from all three survey sites were used in the analysis unlike that
for mitochondrial DNA concentrations

®Bold numerals indicate significant wald test results at a=0.05 level

“Baseline intercept or slope for surveys during the main spawning
period (Oct. 15-Nov.15) in the daytime; Coefficients for all the other
variables are the differences from the baseline

NuDNA concentrations were shown to be a more sen-
sitive indicator for Ayu spawning events compared to the
conventional mtDNA. Although the concentrations of sin-
gle-copy region nuDNA were lower than those of mtDNA,
the magnitude of day/night increase was greater in nuDNA
than in mtDNA during the “main spawning period” (Fig. 5;
Table 4). Such property of nuDNA would be beneficial for
detecting spawning events and evaluating spawning intensity
when day/night rise in mtDNA is small. In fact, such a situ-
ation was observed at St.c on November 15 in the present
study (Fig. 4). The fact that the interaction term between
mtDNA concentrations and water temperature was not
selected in the best GLS model indicates that the nuDNA-
mtDNA relationship does not differ substantially among the
dates during the “main spawning period”. Thus, nuDNA
concentrations can be used to compare the relative intensity
of Ayu spawning among dates.

Comparison of pre/post-spawning eDNA levels is the
key concept in the spawning detection adopted in the pre-
sent study (c.f. Inui et al. 2018; Tsuji and Shibata 2021).
When adopting the approach, several criteria must be
met to make the comparison valid. First, the timing of
spawning within a day needs to be identified. If the species
spawn throughout a day, it will be challenging to make
pre/post-spawning comparisons of eDNA concentrations.
Second, a suitable spawning environment for the target
species needs to be identified at the channel unit scale.

@ Springer

Third, fish movement among channel units within a day
needs to be observed to confirm that the population density
of the target fish does not increase substantially around
the spawning ground for reasons other than spawning. If
these prerequisites were met/ ecological information was
available, the water sampling position can be set immedi-
ate downstream of the spawning sites to detect an acute
increase of mtDNA and nuDNA concentrations resulting
from spawning. Screening of fish spawning using mtDNA
concentrations will be beneficial, in case the spawning site
or timing of spawning within a day has not been identi-
fied in the waterbody to be surveyed. Time-efficient char-
acteristics of eDNA surveys in the field allow multiple
longitudinal or temporal replicates of water samples to be
acquired within a day.

Ayu forms spawning aggregations and releases spermato-
zoa in the flowing water column (Nishida 2005). Therefore,
detection of spawning was thought to have been relatively
easy, as has been depicted by constant detection of single-
copy nuDNA in our study except for early December when
the majority of the Ayu was thought to have died follow-
ing spawning (Fig. 4). Spawning surveys based on pre/post
nuDNA or mtDNA concentrations are expected to be widely
adaptable for other fish species that fulfill the aforemen-
tioned criteria. Other gravel spawners, including Salmoni-
dae and part of Cypriniade, are major candidate species for
future spawning studies using eDNA analysis. The applica-
bility of the approach to nest spawners, including Bagridae
catfish, Cottidae, and Gobiidae, will be a valuable topic for
future studies.

Within the nuclear DNA, the multi-copy region is present
in fixed numbers of multiple copies per cell, irrespective of
cell types or body conditions within each individual (L6pez
et al. 2004). In contrast, the single-copy region nuDNA
is present in one copy in every cell (c.f. Long and Dawid
1980). The present study used the single-copy region in
nuDNA as the target region for the primer—probe set (Tsuji
et al. in prep.), due to the difficulty in designing a species-
specific primer targeting the multi-copy region nuDNA. Ayu
inhabits an entire stretch of rivers except for headwaters until
summer and by fall, a predominant proportion of the fish
migrate downstream to spawn in the riffles located in the
lower reaches (Iguchi et al. 1998; Nishida 2005; Kono et al.
2017). Owing to this life-history trait, Ayu eDNA concen-
trations in the lower reaches become considerably higher in
the fall than in other seasons (Doi et al. 2017; Kono et al.
2017; Yoshida et al. 2019), likely contributing to the good
detection performance of single-copy region nuDNA for
Ayu spawning in the present study. In addition, the day-to-
night increase in nuDNA was more profound for nuDNA
compared to mtDNA. Multi-copy region nuDNA serves as
a more sensitive indicator of the fish presence or abundance
in terms of detectability, sensitivity, and a higher spatial
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and temporal resolution because of the faster degrading rate
over mtDNA or single-copy region nuDNA (Bylemans et al.
2018; Dysthe et al. 2018; Jo et al. 2020, 2021). If multi-copy
region nuDNA was used, an increase in nuDNA concentra-
tions from day to night is expected to be more profound
than the mtDNA or single-copy region nuDNA used in the
present study due to the greater numbers of DNA copies per
cell. Thus, the application of multi-copy region nuDNA for
Ayu spawning evaluation is worth consideration in future
studies.

The present study compared the relative performance
of nuDNA concentrations and nuDNA/mtDNA ratio
in spawning detection of Ayu, in comparison with the
conventional method based on mtDNA concentrations.
NuDNA concentrations rose day to night during the “main
spawning period”, similar in a manner to mtDNA. The
results indicated that day/night comparisons of nuDNA
concentrations are also valid for detecting Ayu spawning
events. In contrast, nuDNA/mtDNA ratio failed to detect
spawning during the early spawning period but detected
spawning in the mid- to late-spawning season. The rela-
tively small increase in nuDNA concentrations from day-
time to nighttime compared to mtDNA concentrations in
the earlier spawning season could have been caused by
the relative abundance of larger individuals and the male-
biased sex ratio during this period. The relative day/night
increase of nuDNA concentrations compared to mtDNA
concentrations was greater during the “main spawning
period” of the fish, showing higher sensitivity of nuDNA
concentrations in Ayu spawning evaluation. The higher
sensitivity of nuDNA would be beneficial for evaluating
Ayu spawning intensity in rivers and streams with low Ayu
density, especially in the rivers with their Ayu spawning
habitat degraded by anthropogenic alterations, including
alterations to bed transport and flow regime, and block-
ing of migration routes to the spawning grounds. Future
examination using multi-copy region nuDNA instead of
the single-copy region nuDNA used in the present study
will likely enhance the applicability of nuDNA-based
evaluation of Ayu spawning using eDNA analysis.
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