
Kobe University Repository : Kernel

PDF issue: 2026-10-06

Identifying a breeding habitat of a critically
endangered fish, Acheilognathus typus, in a
natural river in Japan

(Citation)
The Science of Nature,104(11-12):100-100

(Issue Date)
2017-11-14

(Resource Type)
journal article

(Version)
Accepted Manuscript

(Rights)
The final publication is available at Springer via http://dx.doi.org/10.1007/s00114-
017-1521-1

(URL)
https://hdl.handle.net/20.500.14094/90004363

Sakata, Masayuki
Maki, Nobutaka
Sugiyama, Hideki
Minamoto, Toshifumi



 1 

Identifying a breeding habitat of a critically endangered fish, Acheilognathus typus, 1 

in a natural river in Japan 2 

 3 

Masayuki K. Sakata1, Nobutaka Maki2, Hideki Sugiyama3, and Toshifumi Minamoto1,* 4 

 5 

1Graduate School of Human Development and Environment, Kobe University: 3-11, 6 

Tsurukabuto, Nada-ku, Kobe City, Hyogo, Japan 7 

2Tohoku Branch, Pacific Consultants Co., LTD: 1-1-9-1, Ichiban-cho, Aoba-ku, Sendai 8 

City, Miyagi, Japan 9 

3Faculty of Bioresource Sciences, Akita Prefectural University: 241-438, Kaidobata-10 

Nishi, Nakano, Shimoshinjo, Akita City, Akita, Japan 11 

 12 

*Corresponding author: 13 

Toshifumi Minamoto 14 

minamoto@people.kobe-u.ac.jp 15 

Tel/Fax: +81-78-803-7743 16 

 17 

ORCID ID: 0000-0002-5379-1622 (TM)  18 



 2 

Abstract 19 

Freshwater biodiversity has been severely threatened in recent years, and to conserve 20 

endangered species, their distribution and breeding habitats need to be clarified. 21 

However, identifying breeding sites in a large area is generally difficult. Here, by 22 

combining the emerging environmental DNA (eDNA) analysis with subsequent 23 

traditional collection surveys, we successfully identified a breeding habitat for the 24 

critically endangered freshwater fish Acheilognathus typus in the mainstream of Omono 25 

River in Akita Prefecture, Japan, which is one of the original habitats of this species. 26 

Based on DNA cytochrome B sequences of A. typus and closely related species, we 27 

developed species-specific primers and a probe that were used in real-time PCR for 28 

detecting A. typus eDNA. After verifying the specificity and applicability of the primers 29 

and probe on water samples from known artificial habitats, eDNA analysis was applied 30 

to water samples collected at 99 sites along Omono River. Two of the samples were 31 

positive for A. typus eDNA, and thus, small fixed nets and bottle traps were set out to 32 

capture adult fish and verify egg deposition in bivalves (the preferred breeding substrate 33 

for A. typus) in the corresponding regions. Mature female and male individuals and 34 

bivalves containing laid eggs were collected at one of the eDNA-positive sites. This was 35 

the first record of adult A. typus in Omono River in 11 years. This study highlights the 36 
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value of eDNA analysis to guide conventional monitoring surveys and shows that 37 

combining both methods can provide important information on breeding sites that is 38 

essential for species’ conservation. 39 

 40 

Keywords: Acheilognathus typus; breeding site; environmental DNA (eDNA); Omono 41 

River; real-time PCR; species-specific detection 42 

 43 

Introduction 44 

In recent years, the loss of biodiversity caused by human activities has been one of the 45 

major concerns regarding the global ecosystem (Butchart et al. 2010). The loss of 46 

diversity in freshwater environments is a particularly critical situation, and numerous 47 

species are endangered (Dudgeon et al. 2006; WWF 2016). For example, approximately 48 

40% of freshwater fish species are listed as endangered or threatened in the Red List of 49 

Japan (167 of the approximately 400 species registered in this region) (Japanese Ministry 50 

of Environment 2017). Factors reducing freshwater fish diversity include water pollution, 51 

habitat degradation and fragmentation, biological invasions, and large-scale capture for 52 

food and for aquariums (Allan and Flecker 1993; Vitousek et al. 1997). 53 

 Acheilognathinae species (bitterlings and related species) are distributed in 54 



 4 

rivers, ponds, and waterways, and show a characteristic breeding system in which eggs 55 

are laid into bivalves. Hatched larvae stay within the bivalves for months and are released 56 

into the environment as juveniles. Fifteen out of the 16 Acheilognathinae species recorded 57 

in Japan are listed as either critically endangered, endangered, or threatened in the Red 58 

List of Japan, with habitat degradation being an important driver for the decline of these 59 

species (Japanese Ministry of the Environment 2015). The target species of this study, 60 

Acheilognathus typus, is one of these species. Acheilognathus typus is an annual fish, and 61 

adult fish are about 8 cm in length. In autumn, fish become mature, and females lay eggs 62 

inside small bivalves, such as Sinanodonta lauta, Sinanodonta japonica, and Unio 63 

douglasiae, while males spawn in the immediate vicinity of the bivalves. Short days in 64 

autumn are the main trigger initiating reproduction (Shimizu, 2010). The eggs hatch four 65 

to seven days after being laid, and juveniles leave bivalves in spring (Nakamura 1969). 66 

Although no information is available on the spawning migration of the species, adult 67 

bitterlings in general do not undertake large spawning migrations (Otokita et al. 2011). 68 

Acheilognathus typus used to inhabit large lakes, such as Kasumigaura, Izunuma, and 69 

Hachirougata, and the large rivers connected to these lakes, such as the Tone, Kitakami, 70 

and Omono rivers. Historically, A. typus was present in 13 Japanese Prefectures within 71 

the Kanto and Tohoku areas (Fig. 1; Nakamura 1969). This species has now been declared 72 
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extinct in eight of these 13 Prefectures and has not been recorded in one of the Prefectures 73 

in the last 16 years. Currently, A. typus is distributed in only about 10 sites within four 74 

Prefectures in the Tohoku area (Akita, Iwate, Miyagi, and Fukushima Prefectures; Figure 75 

1). The main reasons for the decline in A. typus are predation by piscivore alien species, 76 

competitive exclusion by alien bitterling species, and the decrease in their spawning 77 

substrate, bivalves (Suguro 1995; Takahashi 2002; Kitajima 2005; Kawagishi et al. 2007). 78 

Its known current habitats are isolated small ponds or small irrigation streams, which are 79 

quite different from the original habitats (Sugiyama 2015). For effective conservation, it 80 

is important to evaluate whether A. typus populations still persist in the original habitat 81 

(i.e., large lakes and rivers). However, monitoring these systems for A. typus is 82 

challenging as conventional survey methods have a low detection rate and require 83 

considerable resources. 84 

 In recent years, environmental DNA (eDNA) analysis methods have been 85 

developed and applied to various ecosystems to examine the distribution of macro-86 

organisms (Ficetola et al. 2008; Minamoto et al. 2012; Thomsen et al. 2012a,b). The 87 

presence or absence of organisms can be inferred from the presence or absence of their 88 

DNA in the environment, which is considered to be released via egestion, excretion, 89 

secretion, exfoliation, reproduction, or decomposition (Burnes and Turner, 2016). These 90 
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new methods are reportedly more sensitive than traditional survey methods, although 91 

their cost efficiency is debatable (Jerde et al. 2011; Dejean et al, 2012; Takahara et al. 92 

2012; Davy et al 2015; Sigsgaard et al. 2015; Smart et al. 2016; Evans et al. 2017). 93 

Compared to disruptive survey methods, such as gill netting or the usage of toxins, 94 

eDNA methods are less disruptive for the target species and ecosystems and can be used 95 

to survey the distribution of rare species (Jerde et al. 2011; Lefort et al. 2015). For 96 

example, eDNA surveys have been conducted for Alabama Sturgeon (Scaphirhynchus 97 

suttkusi; Pfleger et al. 2016), European Weather Loach (Misgurnus fossilis; Sigsgaard et 98 

al. 2015), and Japanese Giant Salamander (Andrias japonicus; Fukumoto et al. 2015). 99 

Recent studies have shown that eDNA analysis can be applied for specifying the 100 

breeding season or spawning activity by monitoring the change in eDNA concentration 101 

or ratio of nuclear to mitochondrial eDNA markers (Spear et al. 2014; Erickson et al. 102 

2016; Buxton et al. 2017; Bylemans et al. 2017). Although eDNA can be used to 103 

monitor breeding activity and locate breeding sites, subsequent conventional surveys are 104 

essential to confirm eDNA results. 105 

Here, we present a case study in which we combine both eDNA analyses and 106 

conventional monitoring to evaluate whether A. typus populations are still present 107 

within Omono River (one of this species original habitats) and to assess whether they 108 
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are still reproductively active. After the development and validation of a species-specific 109 

real-time PCR assay for A. typus eDNA detection, we screened 99 water samples 110 

collected from Omono River for the presence of A. typus. Those sites testing positive for 111 

A. typus were subsequently monitored using conventional methods to confirm that this 112 

species is still reproductively active (i.e., collection methods for mature fish and egg). 113 

 114 

Materials and Methods 115 

Development and validation of the real-time PCR assay 116 

Mitochondrial DNA cytochrome B sequences of A. typus and closely related 117 

species, namely Acheilognathus tabira tohokuensis, Tanakia lanceolata, Tanakia limbata, 118 

and Rhodeus ocellatus ocellatus, which all inhabit Omono River, were obtained from the 119 

National Center for Biotechnology Information (NCBI) database 120 

(https://www.ncbi.nlm.nih.gov). Based on these sequences, we designed species-specific 121 

primers satisfying two conditions: melting temperature around 60 °C and at least two 122 

specific bases within the five bases at the 3' end of both forward and reverse primers. 123 

Additionally, we designed a TaqMan probe in Primer Express 3.0 (Life Technologies, 124 

Carlsbad, CA, USA) using the “TaqMan Quantification” setting. The specificity of the 125 

assay was evaluated by real-time PCR using target and non-target DNA templates. 126 
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Total DNA was extracted from the tissues of two A. typus individuals and from 127 

one individual of A. tabira tohokuensis, T. lanceolata, T. limbata, and R. ocellatus 128 

ocellatus using the DNeasy Blood & Tissue Kit (QIAGEN Science, Hilden, Germany), 129 

following the manufacturer’s instructions. The concentration of DNA was measured on a 130 

fluorescence quantification apparatus (Qubit 2.0 Fluorometer; Life Technologies). Real-131 

time PCRs were carried out in triplicate using extracted DNA of each species as template. 132 

Each reaction (20 µl final volume) contained 900 nM primers and 125 nM TaqMan probe 133 

in 1× Environmental Master Mix 2.0 (Life Technologies) and 20 pg DNA. The real-time 134 

PCR conditions were as follows: 2 min at 50 °C, 10 min at 95 °C, and 55 2-step cycles of 135 

15 s at 95 °C and 60 s at 60 °C. To detect false positives due to contamination during the 136 

real-time PCR procedures, ultrapure water was used instead of DNA in three reaction 137 

mixtures (non-template negative controls).  138 

We further validated the real-time PCR assay using eDNA obtained from two 139 

ponds (7.7 and 638 m2) with a known presence of A. typus. To avoid contamination 140 

between samples or from previous samplings, all equipment for water collection and 141 

filtration was bleached in 0.1% sodium hypochlorite before use. One 1-l sample was 142 

collected from the surface of each pond. One milliliter of 10% benzalkonium chloride 143 

was added to the samples to suppress eDNA degradation, and samples were filtered within 144 
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48 h using through two glass-fiber filters (GF/F; GE Healthcare Life Science) per sample 145 

(Yamanaka et al. 2017). To control for false-positives due to eDNA contamination during 146 

filtration and subsequent processes, one negative filtration control was included. For each 147 

sample, the two filters were combined for eDNA extraction using the Salivette (Sarstedt, 148 

Nümbrecht, Germany) and DNeasy Blood & Tissue Kit methods and stored at –25 °C 149 

(Uchii et al. 2016). All PCRs were set-up in a dedicated pre-PCR room using the 150 

conditions described above (Fukumoto et al. 2015). Triplicate reactions were run for all 151 

samples, negative filtration controls, non-template negative controls (for each plate), and 152 

positive controls (consisting of DNA derived from A. typus tissue). The amplification 153 

products were sequenced and checked by a commercial Sanger sequencing service. 154 

 155 

Environmental DNA field survey 156 

A field survey was conducted in Omono River, which flows through the Akita Prefecture 157 

in Tohoku area, Japan (Fig. 1). Historically, A. typus was present in this river, however, it 158 

has not been recorded for the last 11 years. The eDNA survey was conducted in August 159 

2016 before the actual spawning season for A. typus (i.e., October). From the 8th to the 160 

10th of August, 99 sites over a 112-km stretch from the river mouth to upstream Omono 161 

were sampled for eDNA-based monitoring. Sampling and eDNA extractions were 162 



 10 

performed as described above: a single 1-l water sample was collected at each site. One 163 

negative filtration control was adopted for every 15 samples (seven in total) to monitor 164 

potential contamination during the filtration and eDNA extraction process. Because of 165 

clogging in 15 out of 99 samples, 500 ml instead of 1 l were filtrated using two filters. 166 

The same precautions to prevent contamination described above were adopted.  167 

All DNA samples were examined for the presence of A. typus eDNA using the 168 

real-time PCR assay developed in this study. Real-time PCR conditions were as described 169 

previously with triplicate reactions performed for all samples, negative filtration controls, 170 

non-template controls and positive controls. While we initially used 2 μl of template DNA 171 

in the PCRs, we performed a second round of PCRs using 5 μl of template DNA as the 172 

initial results were all negative (see results). Samples that showed amplification in at least 173 

one of the replicates were considered positive, and were then sequenced to confirm the 174 

presence of A. typus eDNA. 175 

 176 

Conventional field surveys 177 

Fish were captured using two small fixed nets and three to five bottle traps installed near 178 

the water sampling points (~0.2 ha each). The capturing surveys were conducted at two 179 

eDNA-positive sites: from 7th to 12th of October, 2016 at Site A, and from 13th to 17th 180 
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of October, 2016 at Site B. Two or three individuals of bivalves were placed in both fixed 181 

nets and bottle traps because matured bitterlings are known to be attracted by amino acids 182 

released by bivalves (Kano 2014). The fishing gears were checked five (Site A) or four 183 

(Site B) days after their installation to check for the presence of A. typus adults. Five trays 184 

were set up for a breeding survey on 7th of October 2016 at Site A. Trays were placed in 185 

the water, and five bivalves comprising high-preference breeding substrates for A. typus 186 

were added to each tray. On 22nd of November 2016, the trays were collected and 187 

checked for laid eggs. 188 

 189 

Results 190 

Development and validation of the real-time PCR assay 191 

 192 

 193 

 194 

This specificity was confirmed by the amplification of A. typus samples only, i.e., closely 195 

related species and negative controls were not amplified. In addition, we checked 196 

potential cross-reactivity of the assay with DNA of a closely related fish, Acheilognathus 197 

rhombeus, which is distributed in the past habitats of A. typus, by in silico analysis. In 198 

This image is not open for conservation of rare species 
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total, seven and three mismatches were observed between the A. rhombeus sequence and 199 

the forward and reverse primers in our assay, respectively. Within the five bases at the 3' 200 

end of each of the forward and reverse primers, we found two mismatches (Fig. 2). 201 

Consequently, the amplification of A. rhombeus DNA with the proposed primers is 202 

unlikely. Further, amplification was confirmed in water samples collected from the two 203 

ponds where A. typus was present and sequencing of the amplified products confirmed 204 

the presence of A. typus DNA. 205 

 206 

Environmental DNA field survey 207 

Real-time PCR using 2 μl of template DNA per reaction was unsuccessful for all field 208 

samples from the 99 locations. We thus increased the amount of template DNA per PCR 209 

reaction to 5 μl which resulted in a positive amplification in two of the 99 samples. 210 

Sequencing of the amplicons confirmed the presence of A. typus eDNA at both sites 211 

(Table 1). In all PCR amplifications, positive controls were amplified normally, and 212 

negative controls, including filtration and PCR controls, did not show positive 213 

amplification. 214 

 215 

Conventional field survey 216 
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In the capturing surveys, we collected 754 individual fish consisting of 25 different 217 

species from seven different families. Two adult A. typus specimens were captured at one 218 

of the sites (Site A) where A. typus eDNA was detected (Fig. 3a): a male was captured in 219 

the bottle trap and a female was captured in the small fixed net (Table 1). The male 220 

showed a clear nuptial coloration and the female showed markedly elongated oviposition 221 

tubes (Fig. 3a). In the tray set for breeding confirmation at Site A, we recovered 24 of the 222 

25 bivalves, eight of which contained A. typus eggs (Fig. 3b; Table 1). 223 

 224 

Discussion 225 

In this study, we show through a combination of eDNA-based and conventional 226 

monitoring techniques that A. typus still occupies its original habitat within Omono River 227 

and that these populations are still reproductively active. This was the first report of adult 228 

A. typus in the mainstream Omono River in 11 years. In 2010 and 2015, large-scale 229 

inventories, using casting nets, gill nets, hand nets, and set nets, were performed by the 230 

Ministry of Land, Infrastructure, Transport and Tourism at eight sites different from the 231 

eDNA-positive sites in this study. In that survey, A. typus was not detected using any of 232 

these methods. The successful detections in the current study highlight the combined 233 

strength of using eDNA analyses for habitat identification and the use of bivalves as an 234 
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egg laying substrate. While recent studies have shown that eDNA analysis can be used to 235 

determine the breeding season or detect spawning activity, accurately locating breeding 236 

habitats by eDNA analysis alone remains difficult (Spear et al. 2014; Schmidt et al. 2013; 237 

Erickson et al. 2017; Buxton et al. 2017; Bylemans et al. 2017). 238 

 The eDNA surveys are suitable for large-scale surveys as the time for sampling 239 

collection is lower than that in conventional methods. In the present study, water samples 240 

from 99 sites were collected within three days by two persons, showing the simplicity of 241 

the eDNA approach and its applicability to a whole-river survey (Trèguier et al. 2014; 242 

Fukumoto et al. 2015; Eva et al. 2016). When performing a large-scale survey in a short 243 

period and with limited budget, this simplicity is essential. For example, based on our 244 

experience, we estimate that conventional surveys at these 99 sites would take more than 245 

30 days and involve three persons. In addition, by using eDNA analysis, we can perform 246 

uniform surveys, because collecting water samples needs no specialized technique or 247 

knowledge. Environmental DNA analysis sometimes yields false-positive and false-248 

negative results (Ficetola et al. 2016; Guillera-Arroita et al. 2017). Regarding the false 249 

positives, the amplicons obtained in this study were confirmed as belonging to the target 250 

species, and contamination between samples is highly unlikely because the samples from 251 

the two eDNA-positive sites were treated separately. On the other hand, there could be 252 
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false negatives. Multiple factors affect the detectability of eDNA, such as sampling 253 

location, sampling depth, sample number, sample volume, and number of PCR replicates 254 

(Ficetola et al. 2015; Schultz & Lance 2015; Adrian-Kalchhauser & Burkhardt-Holm 255 

2016; Furlan et al. 2016). We took one water sample per site, and therefore, there is a 256 

possibility of missing A. typus eDNA. Future surveys would benefit from testing more 257 

samples per site and more PCR replicates. We could detect eDNA of A. typus despite the 258 

many related species inhabiting the surveyed area. This shows the advantage of the 259 

species-specific detection of eDNA when looking for a single rare species. eDNA 260 

metabarcoding surveys, recently developed as an extension of species-specific detections, 261 

are likely to be more costly as high levels of replication and high sequencing depth is 262 

needed for the detection of rare species (Ficetola et al. 2015; Simmons et al. 2015; Alberdi 263 

et al. 2017; Stoeckle et al. 2017). On the other hand, metabarcoding has the potential to 264 

provide important additional information, such as the presence of bivalves as spawning 265 

substrate, and thus, both methods have complementary benefits. 266 

 We detected eDNA of A. typus at two of the 99 surveyed sites, but the presence 267 

of adult fish and laid eggs in bivalves was confirmed at only one of the sites (Site A). The 268 

number of individuals at Site B, where we detected eDNA but failed to collect fish, might 269 

be low. Because numerous individuals of related Acheilognathinae species, such as T. 270 



 16 

lanceolata and A. tabira tohokuensis (95 and 14 individuals were collected, respectively), 271 

inhabit Site B, this is a suitable habitat for Acheilognathinae. Therefore, the small number 272 

of A. typus at this site seems to be the most plausible explanation for not capturing A. 273 

typus, despite the positive eDNA result. Alternatively, inconsistent results between the 274 

eDNA survey and conventional survey might be a consequence of the two-month lag 275 

between both surveys. Not much is known about the migration behavior of A. typus. 276 

However, in general, adult bitterlings do not show large-scale migration (Otokita et al. 277 

2011), and A. typus is a relatively small fish among the bitterlings, suggesting they have 278 

limited migratory ability. Therefore, it is possible that the fish stay in the same area from 279 

August to October. If one needs to identify the breeding habitat of rare species that show 280 

migration over long distance, it should be considered that the time-lag between eDNA 281 

and conventional surveys may affect the result. The distance traveled by eDNA in rivers 282 

is still controversial (Deiner and Altermatt 2014; Jane et al. 2015; Shorgen et al. 2017). 283 

Possibly, the eDNA detected in Site B was transported from outside the survey site by 284 

water flow or other media. For example, detected eDNA might have been excreted by 285 

birds or other predators that consumed the fish in another location. At Site A, mature male 286 

and female A. typus (one of each) were captured and eggs were laid within bivalves, 287 

showing that this species is currently reproducing in the mainstream of Omono River, its 288 
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original habitat. For future conservation, the specific conditions of breeding habitats of A. 289 

typus need to be clarified. Because we identified only a single breeding site in this study, 290 

it is difficult to draw definitive conclusions about such requirements. Therefore, more 291 

breeding sites within Omono River have to be evaluated, and to this purpose, finer-scale 292 

samplings and/or the use of the novel method proposed by Bylemans et al. (2017), in 293 

which the breeding season and habitats can be identified by the combined use of 294 

mitochondrial and nuclear DNA, would be helpful. 295 

In summary, the present study identified a breeding site for A. typus, a critically 296 

endangered fish species with a characteristic life history, in a large river that is its original 297 

habitat, by combining eDNA analysis with subsequent conventional survey. Our findings 298 

provide proof-of-concept that this approach can be applied in future studies on A. typus 299 

as well as other endangered species. Future studies combining eDNA and conventional 300 

surveys are expected to improve breeding site detection of A. typus in Omono River and 301 

other rivers and lakes. We believe that eDNA surveys combined with conventional 302 

method can provide a powerful tool for mapping out breeding sites and determining site 303 

characteristics essential for the conservation of A. typus and other endangered species. 304 

 305 
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Figure legends 472 

 473 

Figure 1. (a) Past and current distributions of Acheilognathus typus in Japan. This species 474 

used to be distributed in a wide area across the Kanto and Tohoku regions in eastern 475 

Honshu, mainland Japan. Currently, its distribution is limited to four Prefectures in the 476 

Tohoku area. (b) Enlarged view of the Omono River. Environmental DNA surveys were 477 

conducted at 99 sites (shown in red circles) along the Omono River. 478 

 479 

Figure 2. Alignment of the amplified region of the cytochrome b gene of Acheilognathus 480 

typus and closely related, potentially sympatrically distributed species with A. typus. 481 

Asterisks indicate A. typus-specific nucleotides.  482 

 483 

Figure 3. Mature Acheilognathus typus adults (a) and their eggs laid within bivalves (b). 484 

Mature female (upper) and male (lower) individuals were collected at one of the 485 

environmental DNA-positive sites. The egg duct of the female is extended and the male 486 

shows remarkable nuptial colors. 487 

 488 

  489 



 29 

Fig. 1a 490 

 491 

 492 
  493 
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Fig. 1b 494 

 495 
  496 
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Fig. 2 497 

 498 
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This image is not open for conservation of rare species 
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Fig. 3 500 

 501 

 502 

 503 
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Table 1. The results of eDNA and conventinal surveys (only for eDNA positive sites). 

  eDNA survey Conventinal survey 

eDNA positive site Template 2μl Template  5μl fixed net bottle trap breeding survey 

A ---* +--** + (a matured 

female) 

+ (a matured 

male) 

+ 

B ---* +--** - - n.a. 
* all three PCR reactions were negative 

   

** one of three PCR reactions was positive 
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