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P. japanensis was not collected but was expected to 
occur. This study has established a species-specific 
eDNA marker targeting the COI region of P. japan-
ensis, and this eDNA marker has been validated as 
effective for surveying the distribution of this species. 
Using this eDNA marker, extensive investigation of 
remaining populations and the monitoring of them 
should improve conservation practices.
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Introduction

Freshwater bivalves are one of the most species-
diverse and widely distributed groups of organisms 
in freshwater habitats (Lopes-Lima et  al., 2021). 
The freshwater bivalves of the family Unionidae are 
described in 157 genera and 753 species, and are 
widespread in rivers, lakes, and marshes throughout 
the world (Graf & Cummings, 2021). Freshwater 
bivalves play key roles in freshwater ecosystems by 
contributing to water quality, primary production, 
and nutrient cycling (Spooner & Vaughn, 2006; Hoe-
llein et  al., 2017), providing hard shells as habitats 
for other organisms (Vaughn & Hakenkamp, 2001) 
and in supplying a breeding substratum for bitterling 
fishes (Acheilognathinae, Cyprinidae; Wiepkema, 
1961; Smith et al., 2004). On the other hand, aquatic 
ecosystems are threatened by human impacts, such as 

Abstract Environmental DNA (eDNA) is useful to 
detect the presence of aquatic organisms from water 
samples, especially for rare and cryptic species. Two 
freshwater unionid mussels¸ Pronodularia japanensis 
and Nodularia douglasiae, have rapidly declined over 
the last three decades and are now threatened with 
extinction on the Matsuyama Plain, south-western 
Japan. We designed a species-specific eDNA marker 
targeting the COI region of P. japanensis. The dis-
tribution of this species in the Kunichi River system 
on the Matsuyama Plain was investigated using both 
quantitative PCR with this eDNA marker and conven-
tional surveying. We show that the distribution area of 
P. japanensis did not change between 2013–2014 and 
2020–2021, but its density decreased by 99%. eDNA 
of P. japanensis was detected, with 100% success, 
from sites where this species was collected by hand. 
Furthermore, eDNA was detected at nine sites where 
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habitat degradation, non-native species introduction, 
overexploitation, flow modification, and water pollu-
tion (Brookes, 1988; Allan & Flecker, 1993; Dudg-
eon, 2006). As a consequence of such threats, one 
third of these unionid species are in danger of extinc-
tion (Böhm et al., 2021). In Japan, there are 26 spe-
cies of Unionidae in 13 genera, including 20 endemic 
species, as well as two alien species (Sinanodonta 
cf. woodiana and Sinohyriopsis cf. cumingii; Lopes-
Lima et al., 2020). Of these species, 13 are listed on 
the Japanese Red List of Threatened Species (Minis-
try of the Environment, Japan, 2020).

Japan is a mountainous, wet, and forested country 
with a rich freshwater fauna and a high proportion of 
endemic species (Yoshimura et al., 2005). People are 
concentrated in densely populated urban areas along 
the coast and on alluvial plains, and recent urbani-
sation and intensive agriculture have destroyed and 
degraded natural freshwater habitats and traditional 
agricultural habitats, and now most unionid species 
are endangered (Onikura et  al., 2006, 2016; Kondo, 
2008; Negishi et  al., 2008). On Matsuyama Plain, 
Ehime Prefecture, western Japan, there are three spe-
cies of the family Unionidae—Pronodularia japan-
ensis (Lea), Nodularia douglasiae (Griffith & Pidg-
eon), and Sinanodonta lauta (Martens). Populations 
of the fluvial unionids P. japanensis and N. dougla-
siae have decreased rapidly between 1988–1991 and 
2013–2014 in this area through habitat fragmentation 
by weirs (Figs.  1, 2; Kuwahara et  al., 2017). Glo-
chidium larvae of these unionids mostly parasitise 
an amphidromous goby, Rhinogobius nagoyae Jor-
dan and Seale, but weirs prevent these glochidium 
larvae from moving upstream and restrict unionid 
dispersion to downstream of the weirs. S. lauta has 
also decreased in streams, but this species prefers len-
tic water to streams, and populations remain in sev-
eral ponds in Ehime (Ishikawa & Chiba, 1999). On 
Matsuyama Plain, the rapid decline of unionids is 
the cause behind a decrease of the native bitterling 
fish Tanakia lanceolata (Temminck and Schlegel). 
Bitterling fishes spawn on the gills of live freshwa-
ter mussels of the families Unionidae and Marga-
ritiferidae and obligately depend on the mussels for 
reproduction (Wiepkema, 1961; Smith et  al., 2004). 
On Matsuyama Plain, T. lanceolata spawn mainly 
on P. japanensis, and no species of the family Mar-
garitiferidae lives here (Kuwahara et  al., 2017; Hata 
et  al., 2021b). The decrease in P. japanensis and 

the other two unionid species (N. dougrasiae and S. 
lauta) causes the rapid decrease in the T. lanceolata 
population through a loss of breeding substrate. Fur-
thermore, a congeneric bittering, T. limbata (Tem-
minck and Schlegel), was artificially introduced from 
the island of Kyushu in the 1970s, and the decline 
of unionid populations enhances hybridisation and 
genetic introgression between T. lanceolata and T. 
limbata through an increase in competition for breed-
ing substrate between these two species (Matsuba 
et  al., 2014; Uemura et  al., 2018; Hata et  al., 2019, 
2021b).

The environmental DNA (eDNA) approach is an 
effective tool to detect the presence of target spe-
cies in aquatic environments (Minamoto et al., 2012; 
Taberlet et al., 2012; Thomsen et al., 2012). Knowing 
species distributions is a primary step for the conser-
vation and management of endangered species, and 
eDNA assays are especially useful for rare and cryp-
tic species (Belle et al., 2019; Beng & Corlett, 2020). 
The distribution of freshwater bivalves has been suc-
cessfully analysed by species-specific eDNA assays 
in many parts of the world, for example, for 13 spe-
cies of Unionidae: Lampsilis fasciola Rafinesque, 
Ligumia nasuta (Say), Ptychobranchus fasciolaris 
(Rafinesque), Quadrula quadrula (Rafinesque)(Cur-
rier et al., 2018), Lampsilis siliquoidea (Barnes)(San-
som & Sassoubre, 2017), Lasmigona decorata (Lea)
(Schmidt et al., 2021), Lampsilis fasciola Rafinesque 
(Gasparini et al., 2020), Gonidea angulata Lea, Ano-
donta nuttalliana Lea, and Anodonta oregonensis 
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Fig. 1  Map of study sites in the Kunichi River system (a) 
on the Matsuyama Plain, Ehime. Thick vertical lines on the 
streams indicate weirs over 1 m high. Bars with diagonal lines 
show floodgates. (b) inset showing location of the study site in 
Japan. These maps are based on those provided under CC BY 
4.0 by the Geospatial Information Authority of Japan (https:// 
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Lea (Rodgers et al., 2020; Preece et al., 2021), Alas-
midonta varicosa (Lamarck)(LeBlanc et  al., 2021), 
Alasmidonta heterodon (Lea)(Schill & Galbraith, 
2019), Unio tumidus Philipsson (Deiner & Alter-
matt, 2014), U. crassus Philipsson (Stoeckle et  al., 
2021); three species of Margaritiferidae: Margaritif-
era margaritifera (Linnaeus)(Stoeckle et  al., 2016; 
Carlsson et al., 2017; Wacker et al., 2019), M. falcata 
(Gould) (Dysthe et al., 2018; Preece et al., 2021), and 
M. monodonta (Say) (Lor et al., 2020); and one spe-
cies of Dreissenidae: Dreisseina polymorpha (Pallas) 
(Shogren et al., 2019). Regarding eDNA marker tar-
geting for unionid species in Japan, only one eDNA 
marker for the 12S region of Sinanodonta spp. has 
been developed, and this has been used to reveal the 
distribution of these species in farm ponds (Togaki 
et al., 2019). No eDNA marker has been available for 
P. japanensis.

This study aims to establish an eDNA marker spe-
cific for the Japanese endemic unionid P. japanensis 
and to monitor the population of P. japanensis on 
Matsuyama Plain via both conventional survey and 

eDNA assays; the outcomes of these two approaches 
are compared to ascertain the status of the P. japanen-
sis population and to establish an effective method for 
further monitoring of endangered freshwater bivalves.

Materials and methods

Study sites and field survey

The study was conducted in the Kunichi and Koy-
ori streams (both in the Kunichi River system; main 
stem length 5.7 km) on the Matsuyama Plain, which 
is on the island of Shikoku in south-western Japan 
(coordinate range 33° 47′ N–33° 48′ N, 132° 41′ 
E–132° 45′ E; Figs. 1, 2). The region is part of an 
alluvial fan formed by the Shigenobu River (water-
shed area 445  km2; main stem length 36 km). The 
Kunichi River system is an irrigation canal with 
some weirs for water intake into nearby paddy 
fields. The riverbanks are lined with concrete, and 
a floodgate (width 30 m) is installed at the mouth of 

Fig. 2  Distribution of unionid mussels found in previous stud-
ies [left column, 1988–1991 (Matsukawa et al. 1993); middle 
column, 2013–2014 (Kuwahara et  al. 2017)], and the present 
study [right column, 2020–2021]. Top row, P. japanensis; mid-

dle row, N. douglasiae; bottom row, S. lauta. Black circles 
indicate the presence of mussels with density represented by 
circle size; white circles indicate their absence. Thick vertical 
lines on streams indicate weirs over 1 m high
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the river. We set 23 study sites approximately 300 m 
apart from each other in the Kunichi River sys-
tem, following Kuwahara et  al. (2017). Study sites 
were set at varying stream widths between 2.0 and 
20.0 m and between 25 and 100 m in reach length, 
and survey areas were between 100 and 1400  m2. 
The substrate at each site was excavated to a depth 
of 10 cm using a hand dredge with a 10 mm mesh 
sieve, and then Pronodularia japanensis, Nodularia 
douglasiae, and Sinanodonta lauta were gathered 
by hand from both the sieve and from the newly 
exposed substrate that had just been revealed; this 
was done from September to December 2020, and 
in September 2021. Note that sites 1 and 2 were too 
deep to access for this conventional survey (Fig. 3). 
The number of individuals for each species was 
counted for each site and shell length of all individ-
uals recorded. Collected individuals were released 
back to the site where collected. The density of each 
species at each study site was calculated by divid-
ing the number of collected individuals by the study 
site area  (m2). Empty shells were also collected 
and counted if they were complete and unbroken. 

Mussels and empty mussel shells were identified at 
species level following Kondo (2008).

Design of species-specific primers and a probe for 
Pronodularia japanensis eDNA assays

From June to November 2013, we collected 29 indi-
viduals of P. japanensis from the Kunichi River sys-
tem on Matsuyama Plain. A small foot-tissue sample 
was collected from each individual using the nonle-
thal method of Naimo et  al. (1998). Samples were 
preserved in 99% ethanol, and genomic DNA was 
extracted from the samples using a Wizard Genomic 
DNA Purification Kit (Promega, Madison) following 
the manufacturer’s instructions. Doubly uniparental 
inheritance of mitochondrial DNA has been known 
in unionids, and males inherit both the female-lin-
eage mitogenome from their mother and the male-
lineage mitogenome from their father (Breton et  al., 
2007). Recent molecular phylogenetic studies of 
Japanese unionids focus only on the female-lineage 
mitogenome (Sano et  al., 2020; Lopes-Lima et  al., 
2021). Therefore, we designed an eDNA marker for 

Fig. 3  a eDNA concentration (number of copies per litre 
of filtered water) and b the density of P. japanensis (number 
of individuals/m2) at each site. White circles indicate their 
absence. The value for eDNA concentration is the mean of 

four samples in a river cross section at each site. Site number 
is shown for each site. Thick vertical lines on streams indicate 
weirs over 1 m high
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the female-lineage mitogenome of P. japanensis 
(Table  S1). This is appropriate because the male-
lineage mitogenome generally occurs only in the 
gametic tissue of males (Venetis et  al., 2006), and 
both female and male individuals have a female-lin-
eage mitogenome. The partial COII and COI gene 
regions of the female-lineage mitogenome were 
amplified using the primers CO2.2 (Curole & Kocher, 
2002) and HCO2198 (Folmer et al., 1994) as forward 
and reverse primers, respectively, via polymerase 
chain reaction (PCR). Each PCR was performed in a 
10 μl volume containing 3.35 μl of ultra-pure water, 
5.0  μl Ampdirect Plus (Shimadzu, Kyoto), 0.3  μl of 
each primer (10  μM solutions), 0.05  μl Taq DNA 
polymerase (BIOTAQ HS DNA Polymerase, Bioline, 
London), and 1  μl template. The thermal cycle pro-
file was as follows: initial denaturation at 95  °C for 
10 min; 25 cycles of 95 °C for 45 s, 59 °C for 1 min 
and 72 °C for 90 s; and a final extension at 72 °C for 
10 min. PCR products were analysed by electropho-
resis using a 1% agarose gel, and the focal band was 
cut and purified using a Fast Gene Gel/PCR Extrac-
tion Kit (Nippon Genetics, Tokyo) according to the 
manufacturer’s instructions. Purified products were 
subjected to direct cycle sequencing employing Big-
Dye Terminator version 3.1 (Applied Biosystems, 
Foster City) using the above‐mentioned PCR primers. 
These sequences are stored at the DNA Databank of 
Japan (DDBJ), accession nos. LC651381–LC651409. 
Note that P. japanensis consists of three clades (P. 
cf. japanensis 1, P. cf. japanensis 2, P. cf. japanen-
sis 3 sensu Lopes-Lima et  al. 2020). Our focal spe-
cies/clade is P. cf. japanensis 1 sensu Lopes-Lima 
et  al. (2020), which is distributed solely in western 
Japan, including our site and the Sea of Japan coast 
of eastern Japan. The next step was to download 
available COI sequences of female lineages of the 
family Unionidae. We aligned these sequences and 
designed a primer set using Geneious 7.7.9 (https:// 
www. genei ous. com)—forward, P_japa_COI_221F 
5’-CCT GAT ATG GCT TTC CCT CGT-3’; reverse, 
P_japa_COI_339R 5’-TAA ACA GTT CAC CCC GTC 
CC-3’)—and a probe—P_japa_COI_301P 5’-GTT 
GGT GGA GAG CGG TGT G-3’)—to amplify regions 
of 119 bp, which matched with all the sequences of 
P. japanensis, including P. cf. japanensis 1, P. cf. jap-
anensis 2, P. cf. japanensis 3, and had at least seven 
non-matching nucleotides compared with all the other 
species of Unionidae (Table  S1). The forward and 

reverse primers and the probe are located at positions 
221–241, 320–339, and 301–319, respectively, of our 
aligned sequences (Supplementary file 1). Note that P. 
japanensis (P. cf. japanensis 1) collected on Kyushu 
Is. has one nucleotide mismatch in the reverse primer 
region, and care must be taken in using this primer 
in this area. We then tested this primer set using 
Primer-BLAST and found that the primer set did 
not match any other unionid species, even with two 
mismatches allowed (Ye et  al., 2012). In total, 437 
sequences were obtained by Primer-BLAST, but no 
sequence matched our probe sequence (see positions 
79–99 in Supplementary file 2). We tested qPCR 
with this primer set and probe on DNA templates 
extracted from two individuals of P. japanensis (P. cf. 
japanensis 1) from Koyori stream collected in 2014, 
and five individuals of P. cf. japanensis 2 collected 
from Mie in 2021; amplifications were detected for 
all samples (cycle threshold  Cq < 19 for all samples), 
and the amplification was confirmed to be the focal 
region of COI by subsequent Sanger sequencing. On 
the other hand, no amplification was detected for five 
individuals of P. cf. japanensis 3 collected from Iwate 
in 2021. We amplified a partial COI region of these 
individuals by PCR using a primer set—LCO1490 
and HCO2198 (Folmer et  al., 1994)—and the PCR 
products were sequenced in the same manner as 
described above; one nucleotide mismatch was found 
in each of our forward primer, reverse primer, and 
probe regions (Table S1). Finally, we tested the qPCR 
on two sympatric species of Unionidae—eight indi-
viduals of Nodularia douglasiae and one individual 
of Sinanodonta lauta—as for P. japanensis and found 
no amplification. Therefore, this primer set and probe 
are confirmed as species-specific for P. japanensis, 
except for P. cf. japanensis 1 on Kyushu Is. and P. cf. 
japanensis 3 in Iwate Prefecture.

Quantification standard for qPCR

We designed a 219 bp artificial double-stranded DNA 
fragment containing the focal region of the primer 
set—P_japa_COI_221F and P_japa_COI_339R—
based on a COI sequence of P. japanensis from 
Ehime (LC651386, Supplementary file 3). This DNA 
fragment was supplied by INTEGRATED DNA 
TECHNOLOGIES (Coralville, Iowa). The concen-
tration of the solution was diluted in tenfold steps (1, 
10, 100, 1000 copies/μl) for quantification standards. 

https://www.geneious.com
https://www.geneious.com
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Note that the eDNA concentrations of our samples 
were less than 400 copies/reaction (i.e. 50 copies/μl) 
and were confirmed to be inside our standard curve.

Water sampling and on-site filtration

Throughout eDNA sampling and analyses, we 
avoided contamination and degradation of DNA 
and other materials by strictly following the eDNA 
Society (2019) protocols. All equipment (bottles for 
water sampling, forceps, filter holders) were soaked 
in a 1% sodium hypochlorite solution for ten min-
utes, thoroughly rinsed with tap water, and then 
rinsed with ultra-pure water before use. Water sam-
pling was conducted in November 2020. The breed-
ing season of Pronodularia japanensis in the study 
area is May to August (Kuwahara et  al., 2017), and 
therefore November is outside the breeding season. 
At each site, we divided the stream cross section into 
four parts, and in each of these parts we collected 1 
L of water from the surface in a clean bottle. Then 
we filtered the water immediately using a glass fibre 
filter (GF/F, 0.7 μm pore size, Whatman, Maidstone). 
We filtered each 1 L sample of water; this was done 
500 ml at a time with a filter using a pump powered 
by a battery. After filtration, the filters were stored 
in an in-vehicle freezer at −20  °C. At each site, the 
stream width was measured and was equally divided 
into 10 parts; for each of these 10 parts, water depth 
(cm), and flow velocity (m/s) at 60% depth were 
measured. Flow velocity was measured five times 
and the mean value was used. We filtered 1 L of pure 
water at both the beginning and end of the survey as 
field blanks at field sites to evaluate contamination 
over the course of the field survey.

DNA extraction

Filter samples were moved to a laboratory and stored 
in a freezer at −20 °C until just before DNA extrac-
tion. DNA was extracted from each filter using a 
DNeasy Blood & Tissue Kit (QIAGEN, Hilden) fol-
lowing the eDNA Society (2019) protocols. For each 
1 L water sample, the two lysis solutions from the two 
filters were put into the same spin column and mixed. 
Purified nucleic acids were eluted in 200 μl of elusion 
buffer (Buffer AE).

Real-time PCR experiments

To avoid PCR inhibition, we used TaqMan Environ-
mental Master Mix 2.0 (Thermo Fisher Scientific, 
Waltham, Massachusetts), which is known to be 
effective for Japanese freshwater (Uchii et al., 2019; 
Minegishi et  al., 2019). The reaction mixture con-
tained 10.0 μl of TaqMan Environmental Master Mix, 
0.1  μl of AmpErase Uracil N-Glycosylase (Thermo 
Fisher Scientific), 0.1  μl of both 100  μM forward 
and reverse primers, 0.4 μl of 10 μM TaqMan probe 
(Thermo Fisher Scientific), 5.0 μl of DNA template, 
and 4.3  μl of ultra-pure water. All PCR reactions 
were performed in triplicate. The four quantifica-
tion standard steps were also carried out in triplicate 
on each 96-well reaction plate (i.e. 5, 50, 500, 5000 
copies/reaction). Additionally, we put triplicates of 
ultra-pure water plus qPCR mixture on each plate as 
a negative control. The reaction protocol consisted of 
an initial step at 50  °C for 2 min and then at 95  °C 
for 10 min; this was followed by 55 cycles of 95 °C 
for 15  s and 60  °C for 1  min. Reactions and analy-
ses were conducted using the StepOnePlus Real-Time 
PCR System (Thermo Fisher Scientific). We quanti-
fied the amount of eDNA using the quantification 
standard described above. The quantification mean 
of triplet samples was used for subsequent analyses. 
Each eDNA concentration was calculated as the num-
ber of copies per 1 L of environmental water multi-
plied by 40 (extracted final volume, 200  μl)/(qPCR 
template volume, 5  μl). Sanger sequencing of 18 
positive results (at least one sample at each site) con-
firmed the specificity of the qPCR assays (Table S2). 
No single field blank (triplicates of four samples) and 
none of the nine qPCR negative controls were ampli-
fied by the qPCR marker.

qPCR limits of detection

The limit of detection (LOD) and limit of quanti-
fication (LOQ) were calculated following Merkes 
et  al. (2019). The target DNA concentration and 
cycle threshold (Cq) values for all replicates of 
all serial dilutions were correlated (r2 = 0.97, effi-
ciency = 95.14%, slope = −3.44, intercept = 42.04; 
Fig S1). The lower limit of DNA detection was 11.3 
copies/reaction, and 3.8 copies/reaction when using 
triplets (Fig. S1). The LOQ was calculated as 30 cop-
ies/reaction. 84 samples were analysed as triplicates 
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(yielding a total of 252 data points), and 86 of 252 
were undetected without any amplification. Three 
of the 166 amplified samples had low values—0.01, 
0.03, 3.56 copies/reaction, 47.9, 46.2, 41.1 Cq, 
respectively—and therefore, we treated these three 
samples as undetermined. A further, additional 66 
data points had quantity values less than the LOQ (30 
copies/reaction); therefore, to analyse eDNA concen-
tration, we deleted these 66 and used the quantity data 
for the remaining 97.

Statistical analysis

The density of Pronodularia japanensis in this study 
was analysed by the density observed in the period 
2013–2014 at each site using a generalised linear 
model (GLM) with Gaussian family. The response 
variable was the density in the period 2020–2021 at 
each site, and an explanatory variable was the den-
sity in the period 2013–2014 at the same site. We 
compared shell length of P. japanensis between indi-
viduals collected in this study and those individuals 
collected in the period 2013–2014 (Kuwahara et al., 
2017), and between live individuals and empty shells 
collected in this study. We checked that these shell 
length distributions followed a normal distribution, 
and comparisons were made using a t test. To test the 
hypothesis that the concentration of eDNA is higher 
when the density of P. japanensis is higher, we con-
structed a GLM with Gaussian family, eDNA con-
centration as the response variable, density of P. jap-
anensis, flow velocity, and their interaction factor as 
explanatory variables. To test whether eDNA concen-
trations were biased either towards the stream banks 
or the centre of the stream, we constructed a gener-
alised linear mixed model (GLMM) with Gaussian 
family, eDNA concentration as the response variable, 
part of the stream cross section (the stream bank side 
or centre of the stream) as a fixed factor, site as a ran-
dom factor. All statistical analyses were performed 
using R 4.0.3 (R Core Team, 2020).

Results

Conventional survey

In total, 53 individuals of Pronodularia japanen-
sis were collected and the density was low, ranging 

from 0 to 0.019 individuals/m2, with an average of 
0.009 individuals/m2 among sites where P. japanen-
sis occurred (Fig. 2). The density of P. japanensis is 
shown to have decreased by around 99% at all sites 
between 2013–2014 and 2020 (Fig. 4). The density 
in the 2020–2021 period was not related to the den-
sity at each site in the 2013–2014 period (GLM, 

Density in 2013–2014 (individuals/m2)

D
en

si
ty

 in
 2

02
0–

20
21

  (
in

di
vi

du
al

s/
m

2 )

0.000

0.005

0.010

0.015

0.020

0.0 0.5 1.0 1.5 2.0

Fig. 4  Densities of P. japanensis collected at each study site in 
the Kunichi River system in the periods 2013–2014 (Kuwahara 
et al., 2017) and 2020–2021 (this study). Note that the scale of 
the x-axis is 100 times the scale of the y-axis

0
20
40
60

N
um

be
r o

f i
nd

iv
id

ua
ls

0
20
40
60

0
20
40
60

0 10 20 30 40 50 60 70 80 90
Shell length (mm)

P. japanensis in 2020–2021 

P. japanensis in 2020–2021 

(a) live

(b) empty shells of 

(c) live P. japanensis in 2013–2014

Fig. 5  Histograms of shell length of (a) all the live P. jap-
anensis collected in the period 2020–2021, (b) all the empty 
shells of P. japanensis collected in the period 2020–2021, and 
(c) all the live P. japanensis collected in the period 2013–2014 
(Kuwahara et al. 2017)



 Hydrobiologia

1 3
Vol:. (1234567890)

p = 0.73, Table  S3). No individuals of Nodularia 
douglasiae or Sinanodonta lauta were collected; 
only seven incomplete empty shells of N. douglasiae 
were collected. The shell length of live P. japanen-
sis was recorded as 67.8 ± 5.4  mm (average ± SD; 
Fig. 5) and was no different in this respect from P. 
japanensis in the 2013–2014 period (t test, t = 1.88, 
p = 0.06). Regarding empty, complete shells of P. 
japanensis, 249 were collected, and the shell length 
of these was 66.0 ± 6.2 mm, which was smaller than 
live individuals (t test, t = −2.76, p = 0.006). 

Environmental DNA detection

eDNA of the unionid Pronodularia japanensis was 
successfully detected from water collected from 
streams that this species inhabits (Fig. 3). At all 10 
sites where P. japanensis was collected, eDNA of 
P. japanensis was also detected (Table  1). On the 
other hand, at nine of eleven sites where P. japan-
ensis was not collected, eDNA was still detected. 
Three sites (sites 1, 2, 17) were downstream from 
sites where P. japanensis was collected, but six sites 
(sites 9, 11, 12, 19, 20, 21) were upstream. eDNA 
concentration did not relate to the density of P. jap-
anensis at sites in our survey (Fig. 6). The interac-
tive effect between the observed density and flow 
velocity did not relate to eDNA concentration either 
(Fig. S2; GLM, both P > 0.05, Table  S4). eDNA 
concentration varied among samples collected from 
different parts of the stream cross section at some 
sites, but the concentrations were not biased either 
towards the stream banks or the centre of the stream 
(Fig. S3; Tables S2, S5; GLMM, p = 0.29).

Discussion

Specific eDNA marker for Pronodularia japanensis 
and its efficiency

This is the first study to report new species-specific 
primers and a new probe for eDNA assays of the 
endangered freshwater bivalve P. japanensis. eDNA 
of P. japanensis was detected, with 100% success, 
from sites where this species was collected by hand, 
even when the density was as low as 0.003 individu-
als/m2. Furthermore, eDNA was detected at nine sites 
where P. japanensis was not collected in this study. 
Currier et  al. (2018) also reported eDNA detection 
of two unionids—Lampsilis fasciola and Quadrula 
quadrula—at multiple sites in rivers in Ontario, 
Canada where no mussels were collected and the 
minimum density observed was 0.03 individuals/
m2. At our study sites, the unionid density has rap-
idly declined and is now quite low: 0.003–0.019 indi-
viduals/m2 (minimum–maximum). Three of nine sites 
where only eDNA was detected were less than 1 km 
downstream from sites where P. japanensis was col-
lected, and the detected DNA fragments were possibly 

Table 1  Number of study sites where Pronodularia japan-
ensis was collected by conventional survey and where it was 
detected by the species-specific eDNA marker designed in this 
study

eDNA Conventional survey

Collected Not collected

Detected 10 9
Not detected 0 2
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Fig. 6  Relationship between eDNA concentration (number of 
copies/L filtered water) and the density of P. japanensis (num-
ber of individuals/m2) for four stream cross section samples 
per site for a total of 19 sites. Numbers of stream cross sec-
tion parts are shown in Table S2. Error bars indicate standard 
deviations of triplicates of PCR reactions
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supplied by the local population and/or transported 
from an upstream population via flowing water. In 
fact, eDNA of Unio crassus has been reportedly 
transported 3  km in streams in Germany (Stoeckle 
et al., 2021), that of U. tumidus transported 9 km in a 
river in Switzerland (Deiner & Altermatt, 2014), and 
that of Lampsilis siliquoidea detected up to 36.7 km 
downstream in a creek in western New York (San-
som & Sassoubre, 2017). On the other hand, eDNA 
was detected but no individual collected at six sites 
upstream of all the sites where P. japanensis was col-
lected in this study. This suggests that the presence of 
P. japanensis at these sites is highly plausible and fur-
ther intensive conventional surveying in these focal 
areas should reveal the precise distribution of this 
species. In the breeding season, the eDNA concentra-
tion of freshwater mussels increases in rivers (Wacker 
et  al., 2019), and upstream migration via host fish 
seems to be possible, but this would not have been a 
factor in this study because we collected water out-
side of the breeding season (Kuwahara et al., 2017). 
In this way, our results show that the eDNA approach 
is an efficient method to detect the distribution of this 
species in streams. The focal streams are small: main 
stem length 5.7 km, 30 m wide at river mouth. Still, 
conventional sampling using a hand dredge for shell 
gathering is difficult, especially when water becomes 
deep and turbid due to agricultural run-off in this area 
throughout spring and summer. Therefore, a com-
bination of both conventional sampling and eDNA 
assays is more effective for monitoring. The distribu-
tion of freshwater bivalves has been successfully ana-
lysed by species-specific eDNA assays in many parts 
of the world. Regarding evaluation of local stocks 
of P. japanensis by eDNA concentration, neither a 
clear effect of eDNA concentration, nor an interac-
tion effect between eDNA concentration and flow 
velocity on P. japanensis density was detected. This 
is firstly because of the quite low density of P. japan-
ensis in this area—0.019 individuals/m2 at most—and 
because of the inaccuracy of unionid density surveys 
when done by hand in natural streams (Carlsson et al., 
2017; Sanchez & Schwalb, 2019; Prié et al., 2020). In 
a previous study, eDNA copies of three unionid spe-
cies were not correlated with mussel density in a low-
density range (< 0.02 mussels/m2) but were positively 
correlated when all density ranges were considered 
together (Currier et  al., 2018). Additionally, in our 
study, eDNA concentrations varied among samples 

in the river cross section at each site. Thalinger et al. 
(2021) demonstrated that eDNA concentration varied 
in river cross sections when the source of eDNA was 
close by and distributed heterogeneously in rivers. 
Therefore, the variation in eDNA concentration in 
river cross sections may correlate with the microhabi-
tat use of the focal species at each site.

Conservation of Pronodularia japanensis

Populations of the unionid P. japanensis have 
decreased rapidly over the past 30 years in this area. 
The rapid decrease in density of P. japanensis in the 
last six to seven years seems to have been caused by 
mortality of individuals and absence of recruitment. 
In fact, more fresh empty shells (in total 249) were 
collected than live individuals (in total 53, Fig.  5). 
Matsukawa et al. (1993) reported the number of live 
individuals and number of empty shells of P. japan-
ensis to be similar in the period 1990–1991 in this 
area. Therefore, the high ratio of empty shells com-
pared with live individuals (nearly five times higher) 
in the 2020–2021 period might indicate a high mor-
tality relative to recruitment rate. Shell size distribu-
tion also indicates that no recruitment has occurred 
within at least the last ten years. The conservation of 
this endangered unionid now needs more intensive 
management, such as habitat restoration and reintro-
duction of P. japanensis, to increase survival rates 
and encourage reproduction. For such a reintroduc-
tion, upstream sites from weirs are suitable because 
there are the areas from which P. japanensis has 
disappeared as a result of recruitment restriction by 
weirs. Monitoring using this eDNA marker would be 
effective as part of these management approaches. 
Recently, a new, small, existing population compris-
ing more than 1000 individuals was found on Dozen 
Plain, Ehime (Hata et al., 2021a). This population is 
only 40  km away from the Matsuyama population 
and could be a donor population; glochidium larvae 
attaching to host fishes and/or young adult mussels 
could be artificially transported to the Matsuyama 
population.

Further study

To conduct conventional surveys on unionid spe-
cies requires experienced and labour-intensive work 
because unionids are cryptic, usually buried under 
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substratum, and the water they live in is often too 
deep and turbid for easy study. Still, observing the 
natural setting at field sites is necessary to understand 
the ecosystem and to practise adaptive management. 
Thus, use of the eDNA marker we have developed 
is useful as a first step to determine the extent of the 
occurrence and distribution of P. japanensis. Subse-
quently, conventional survey practices can be used in 
a more suitable targeted manner in those places where 
this species is detected by eDNA.

Regarding Nodularia douglasiae, the last records 
of live individuals collected in Kunichi stream are 
of two specimens collected in July and August 2013 
(Kuwahara et al., 2017; Hata et al., 2021b). Kunichi 
stream was the main habitat of this species in Ehime 
Prefecture, but a few individuals were previously 
recorded from a few farm ponds (Ishikawa & Chiba, 
1999). Our next aim is to construct an eDNA marker 
specific for this species in order to search for the 
remaining population in these ponds.
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