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Abstract  

Aphyocypris chinensis is a small cyprinid that is widely distributed in lowland areas of 

continental China, the Korean Peninsula, and the northwestern part of Kyushu, Japan. 

However, this species is severely threatened in Japan due to human impacts; thus, several 

facilities and citizen groups implemented captive breeding and reintroduction/reinforcement 

programs using several dozen founder fish collected from Tanushimaru, the location with the 

only known natural population, in the 1980s and 1990s. To determine the phylogenetic 

position and genetic authenticity of Japanese populations of A. chinensis, we conducted 

mtDNA and genome-wide SNP analyses using a total of 254 specimens from 31 wild and 

captive samples, including specimens of Chinese and Korean A. chinensis and the close 

relative A. kikuchii from Taiwan. The mtDNA divergence and phylogeny indicated that the 

haplotypes found exclusively in Japan were differentiated from the Chinese/Korean 

haplotypes (uncorrected p = 2.6% in the cytochrome b gene) to the same extent as they were 

from A. kikuchii haplotypes (p = 2.9%). Results from mtDNA sequences and 47–359 SNPs, 

obtained using the MIG-seq method with different parameter sets, revealed that the initial 

captive populations and an extinct wild population in Ukiha, adjacent to Tanushimaru, were 

genuine Japanese populations, whereas all extant captive and wild populations in Japan are 

hybrids between Japanese A. chinensis and A. kikuchii, or A. kikuchii itself. The details of the 

captive breeding and exchange programs, as well as evidence for the aquarium trade of A. 

kikuchii since the 1990s, strongly suggest that the mixture of A. kikuchii into Japanese 

populations occurred within the first several years of the establishment of captive populations 

in 1994. The present case of the highly probable extinction of genuine Japanese populations 

of A. chinensis emphasizes the importance of confirmation and management of the genetic 

authenticity of conservation-targeted species.  
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Introduction  

 

Ex situ conservation efforts are increasingly required in conservation programs for 

endangered species that cannot survive in current natural environments and are awaiting 

future reintroduction into restored habitats (United Nations 1992; Frankham et al. 2002; 

IUCN/SSC 2014). The main purpose of ex situ conservation, or captive breeding programs, is 

to avoid the extinction of target species by increasing the number of individuals in captivity, 

with ‘freezing’ evolution of the species (Frankham et al. 2002). Evolution, i.e., genetic 

changes over generations, in captive populations consists of loss of genetic diversity and 

adaptation to captivity. Because genetic changes occurring in captivity reduce the ability of 

captive populations to reproduce and survive when returned to the wild, such changes must be 

minimized during captive breeding. To this end, one effective measure is to manage a 

population in medium-sized fragmented subpopulations with occasional exchange of 

individuals (e.g., Margan et al. 1998).  

Aphyocypris chinensis, “Hinamoroko” in Japanese, is a small (<70 mm total length) 

cyprinid fish that is among the most threatened species in Japan (Takaku et al. 2007; 

Kobayakawa 2016). This species is widely distributed in lowland areas of continental China 

(from the Amur to the Changjiang river basins) and the Korean Peninsula, whereas the 

distribution range in Japan is limited to the area around the Ariake Sea and Hakata Bay on 

northwestern Kyushu Island (Kimura 1997; Takaku et al. 2007). This species was nearly 

extinct before 1980 due to loss of habitat and farmland improvement, including changes in 

irrigation management (Takaku et al. 2007; Kobayakawa 2015). In 1982, a small number of A. 

chinensis individuals were found in Tanushimaru, Fukuoka (an agricultural ditch near the 

Kose River, the Chikugo River system), and about five specimens were introduced into 

captivity for breeding (Akiyama 1988; Maehata 1997; Ohara and Takagi 2005). Several 
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dozen individuals were rediscovered at the same site in 1994, and several institutions, aquaria, 

and citizen groups began captive breeding and reintroduction/reinforcement activities using 

these fish (Kimura 1997; Ohara and Takagi 2005). Aside from observations of other wild fish 

during a short period in the latter half of the 2000s in Ukiha, near Tanushimaru, all extant 

wild and captive fish are considered to originate from the captive population founded in 1994 

(and partially in 1982) (Ohara and Takagi 2005; Kobayakawa 2016).  

From the initial stage of the captive breeding of A. chinensis, genetic management 

efforts involving the exchange of individuals among facilities have been partially 

implemented (Ohara and Takagi 2005). However, the low genetic diversity of major captive 

populations of A. chinensis in Japan was documented in the early 2000s (Ohara et al. 2003; 

also see Ohara and Takagi 2005, 2007). Ohara and colleagues have conducted several genetic 

assessments of this species using allozymes (Ohara et al. 2003), mitochondrial DNA 

(mtDNA) RFLPs (Ohara and Takagi 2005), and microsatellite markers (Ohara and Takagi 

2007). These authors found that some populations have lost genetic diversity, whereas others, 

especially those tended by a citizen group, have maintained high genetic diversity. Based on 

their genetic assessment, Ohara and Takagi (2005, 2007) suggested that exchanges of 

individuals among breeding groups should effectively prevent inbreeding so that the breeding 

scheme could yield an effective population size of 500 or more (Soulé 1980; Lehmkuhl 1984). 

To date, the management of captive populations using the exchange of individuals among 

facilities has been implemented by the Biodiversity Committee of the Japanese Association of 

Zoos and Aquariums (JAZA), administrative organizations, and a citizen group.  

In addition to genetic diversity, the phylogenetic position and population structure of 

endangered species are essential information for the determination of conservation units and 

priorities, as well as for the development of strategies of reintroduction and reinforcement of 

captive individuals to the wild (Frankham et al. 2002). To determine the phylogenetic position 
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of Japanese populations of A. chinensis, Nakajima et al. (2012) conducted a preliminary 

analysis using partial mtDNA sequence data and unexpectedly discovered two divergent 

mtDNA lineages among Japanese specimens. On the other hand, because living A. chinensis 

(or similar species) from unknown localities were traded widely among Japanese aquarium 

shops in the 1990s (Akiyama et al. 2003; Nihon-Tanshuigyorui-Aigokai 2003; Ohara and 

Takagi 2005), some doubt the indigenousness of the population rediscovered in Tanushimaru 

in 1994 (e.g., Nihon-Tanshuigyorui-Aigokai 2003).  

From a contemporary view, the genetic diversity, phylogenetic position, and potential 

hybridization of Japanese A. chinensis should be assessed using genome-wide polymorphism 

data, as well as mtDNA phylogenetic information, with the inclusion of data from closely 

related populations and species. One available method for this purpose is the MIG-seq 

[multiplexed inter-simple sequence repeat (ISSR) genotyping by sequencing] technique, 

which is a recently developed polymerase chain reaction (PCR)-based method for 

genome-wide single-nucleotide polymorphism (SNP) genotyping using a high-throughput 

sequencing platform (Suyama and Matsuki 2015). The MIG-seq method can potentially 

produce data on several hundred SNPs from a small amount of tissue samples in a relatively 

easy and cost-effective manner. The method is applicable not only to recently collected 

samples, but also to samples stored in museums, such as those used by Ohara et al. (2003), as 

long as they remain viable for PCR.  

Using mtDNA phylogenetic and genome-wide SNP data from past and recent samples 

of captive and wild (reintroduced) populations, the present study aimed to resolve the 

following three issues: (1) the phylogenetic position of Japanese populations of A. chinensis; 

(2) genetic features of past and present populations, with particular focus on the presence or 

absence of hybridization with populations (or species) from other countries; and (3) the 

timing and details of hybridization, if detected. Based on these results, we discuss a 
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conservation policy and direction for Japanese populations of A. chinensis. In brief, the 

current situation regarding Japanese A. chinensis is grim; genuine Japanese populations are 

very likely no longer extant as a result of hybridization with a closely related species.  

 

 

Materials and methods  

 

Recent wild and captive populations of Japanese Aphyocypris chinensis. Since the 1980s, by 

which point wild A. chinensis had almost disappeared in Japan, the fish have been discovered 

twice in irrigation canals at Tanushimaru in Kurume, Fukuoka Prefecture (five fish in 1982 

and several dozen fish in 1994). These fish were introduced to captivity, and breeding 

programs were immediately launched (T82 and T94 strains, respectively; Fig. 1). Because the 

genuine T82 strain nearly went extinct in the 1990s, present A. chinensis populations are 

considered to have originated from the T94 strain or from partially mixed T94/T82 stocks. 

Not all introductions to captive populations were formally recorded; hypothesized unrecorded 

introductions, based on circumstantial or genetic evidence, are herein referred to as 

“unknown.”  

Fish of the T94 strain were directly or indirectly distributed to several aquaria, facilities 

of administrative organizations, and citizen groups, and thereafter kept in captivity (Fig. 1; 

Table 1). Some fish have been released to natural habitats, mainly by a citizen group 

[Hinamoroko Fosterparent Club (HFC)]. Captive fish have occasionally been exchanged 

among sub-populations (Fig. 1; Table 1).  

Wild and captive population samples analyzed. In the present study, a total of 221 

specimens from 25 Japanese population samples were analyzed; the sample included 

specimens from almost all extant wild and ex situ populations (except for some privately 
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maintained populations), past wild and captive populations, fish traded for hobby aquaria, and 

an introduced wild population from Shizuoka, which is located 800 km from the natural 

habitat (Fig. 1; Table 1). Specimens of A. chinensis from China (16 specimens from two 

population samples) and Korea (10 specimens from one population sample) and those of A. 

kikuchii from Taiwan (seven specimens from three population samples) were also analyzed. 

The mtDNA sequences of these species (AB218688, AF307452, JX184925, AP012123; He et 

al. 2004; Saitoh et al. 2006; Jang-Liaw et al. 2013; M. Miya, unpublished data) were also 

obtained from the DNA database (DDBJ/EMBL/GenBank) and used for phylogenetic 

analysis. The sequences of the following six species, selected based on Tang et al. (2010), 

were used as outgroups: Yaoshanicus arcus (AP011398), Nicholsicypris normalis 

(AP011396), Macrochirichthys macrochirus (AP011234), Parachela williaminae 

(HM224301) (Tang et al. 2010), Pararasbora moltrechti (JX311312; Jang-Liaw et al. 2013), 

and Zacco platypus (AP012115; Miya et al. 2015).  

Sequencing and phylogenetic analyses of mtDNA cytb. Total genomic DNA was 

isolated from a piece of fin or muscle preserved in 99% ethanol using a Genomic DNA 

Purification kit (Promega, Tokyo, Japan). Nucleotide sequence data for the mitochondrial 

cytochrome b (cytb) gene (1,141 bp) were used to infer phylogenetic relationships among 

populations of A. chinensis and related species. PCR amplification was conducted using the 

primer pair L14724 (5′- TGA CTT GAA RAA CCA YCG YYG -3′; Palumbi et al. 1991) and 

H15915 (5′-ACC TCC GAT CTY CGG ATT ACA AGA C -3′; Aoyama et al. 2000). For 

parts of degenerate specimens, L15172 (5′- TGA GGA CAA ATA TCN TTY TGA GG -3′; 

Harada et al. 2002) was used instead of L14724 to amplify shorter segments (5′ half of cytb). 

PCR conditions consisted of 30 cycles of denaturation (94 °C for 15 s), annealing (48 °C, or 

50 °C for L15172, for 15 s), and extension (72 °C for 60 s) performed on a thermal cycler 

(ASTEC, Fukuoka, Japan). Then PCR products were purified with Illustra ExoStar (GE 
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Healthcare Japan, Tokyo, Japan) at 37 °C and sequenced on an automated DNA sequencer 

(GA3130xl; Applied Biosystems, Foster City, CA) using amplification primers and the 

BigDye Terminator Cycle sequencing FS Ready Reaction kit ver. 3.1 (Applied Biosystems). 

The cytb sequence data (1,141 bp for most specimens) were successfully obtained for a total 

of 220 specimens of A. chinensis and A. kikuchii (Table 1). Among these, the sequences of 29 

specimens were incomplete (~800 bp), but they could still be assigned to major clades (see 

“Results”). The resulting sequences were deposited in the DNA database 

DDBJ/EMBL/GenBank (accession numbers LC497041–497059). The haplotype frequencies 

of each population were deposited in the Genetic Diversity and Distribution Map 

(GEDIMAP) freshwater fish database (http://gedimap.zool.kyoto-u.ac.jp; Watanabe et al. 

2010) with population IDs P2354–2382.  

The cytb nucleotide sequences were edited and aligned with ClustalW and by eye using 

MEGA 7.0 (Kumar et al. 2016). Phylogenetic analyses were conducted using the maximum 

likelihood (ML) and Bayesian inference (BI) methods. The ML tree was estimated using 

PAUP*4.0a (Swofford 2002) under the HKY + G model selected by Akaike’s information 

criterion (AIC; base frequencies of A = 0.319, C = 0.274, G = 0.115, and T = 0.292; ti/tv ratio 

= 9.577 and gamma shape = 0.174), as implemented in jModelTest 2.1.1 (number of 

substitution schemes = 11; Darriba et al. 2012). The robustness of the ML tree was assessed 

using the bootstrap method (BP) with 200 replicates by PAUP*. The BI trees were calculated 

using MrBayes version 3.2.7a (Ronquist et al. 2012) using the HKY+ G model with three 

codon position partitioning. The Markov chain Monte Carlo (MCMC) process was set so that 

four chains (three heated and one cold) ran simultaneously. We determined the Bayesian 

posterior probabilities (BPPs) of the branches based on the pooled trees from two independent 

runs for 3 × 106 cycles, with every 100 cycles sampled after reaching stationarity of the 
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likelihood scores. The first 25% of trees were discarded as burn-in. The trees were visualized 

using FigTree v.1.4.3 (Rambaut 2016).  

MIG-seq library construction and population genetic analysis. Genome-wide SNP 

detection was conducted using MIG-seq, in which loci between two ISSRs were amplified by 

PCR and sequenced using a next-generation sequencer (Suyama and Matsuki 2015). A 

MIG-seq library was prepared following the protocol outlined in Suyama and Matsuki (2015), 

with minor modifications as outlined below. The first round of PCR was conducted using 

eight ISSR primer sets with tail sequences at an annealing temperature of 38 °C. The 

Multiplex PCR Assay kit ver. 2 (TaKaRa, Shiga) was used for the first PCR. The products of 

the first PCR reaction were diluted and used for the second round of PCR. The second PCR 

was conducted using primer pairs including tail sequences, adapter sequences for Illumina 

sequencing, and six-base (forward) and eight-base (reverse) barcode sequences to identify 

each individual sample, using Illumina Nextera/TruSeq DNA dual index adapters 701–724 

(i7) and A501–508 (i5; Illumina, San Diego, CA; Document #1000000002694 v10). Phusion 

High-Fidelity PCR Master Mix with HF Buffer (NEB, Ipswich, MA) was used for the second 

PCR. The second PCR consisted of 20 cycles of 98 °C for 30 s, 54 °C for 15 s, and 68 °C for 

30 s. The products of the second PCR for each individual were mixed and purified using a 

MinElute PCR Purification Kit (Qiagen, Hilden). Fragments with size ranges of 300–800 bp 

were isolated and purified using SPRIselect (Beckman Coulter, Brea, CA) and a GeneRead 

Size Selection kit (Qiagen). Extraction by agarose gel (1%) electrophoresis was also 

conducted for some specimens for size selection and purification. TapeStation (Agilent 

Technologies, Santa Clara, CA) was used to confirm fragment size and to estimate the final 

concentration. Subsequently, the products were sequenced on an Illumina MiSeq platform 

(Illumina) using the MiSeq Reagent kit v3 (150 cycles; Illumina) following the 

manufacturer’s protocol. MIG-seq data were successfully obtained for a total of 196 
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specimens of A. chinensis and A. kikuchii (Table 1). The sequence data were deposited in the 

DDBJ Sequence Read Archive (accession no. DRA008899).  

To analyze population structure and potential hybridization, we primarily applied a 

Bayesian clustering approach to the MIG-seq data using the following procedures. From the 

raw sequence data, low-quality ends of reads, primer regions, anchors, and index tags were 

removed using the FASTX Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/). We then used 

the STACKS v1.46 pipeline (Catchen et al. 2013) to generate a format file for STRUCTURE 

v2.3.4 (Pritchard et al. 2000) and GENEPOP (Rousset 2008). In the STACKS analysis, we 

first used the program ‘ustacks’ to pile a minimum of two intra-individual reads (parameter m 

= 2) to create a stack (as a putative allele) with maximum mismatches (M) of 2 (a putative 

locus). The program ‘cstacks’ was used to create a “catalog” of loci across specimens that 

allowed two mismatches between alleles (parameter n = 2). Then, the sets of stacks produced 

by ‘ustacks’ were searched against the catalog with the program ‘sstacks’. Single nucleotide 

polymorphisms (SNPs) were retrieved using the program ‘populations’. All samples were 

treated as a single population (parameter p = 1), and only loci with ≥15 read depth (m = 15) 

that were present in at least 70% (r = 0.7) of individuals were considered. The 

‘write_single_snp’ option was used to select only the first SNP of each locus. Only specimens 

with less than 60% missing SNPs were included in the analysis (average missing rate = 0.17 ± 

0.10). The final dataset consisted of 240 SNPs for 196 specimens, and was exported as 

STRUCTURE and GENEPOP format files. Other parameter values of ‘populations’ (i.e., all 

combinations of r = 0.7, 0.8, 0.9, m = 10, 15, 20), producing datasets with 47–359 SNPs, were 

also analyzed to confirm the robustness of the results.  

In the STRUCTURE analysis, 20 replicates for each predefined K = 1–6 were obtained 

with runs of 10,000 burnin and 100,000 MCMC iterations, applying the admixture model 

with correlated alleles. To select the most likely value of K, the method of Evanno et al. 
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(2005) was implemented in the program STRUCTURE HARVESTER (Earl and vonHoldt 

2012), which determines the second-order rate of change in the distribution of L(K). The final 

result with the best (and the second best) K was calculated using three runs of 100,000 burn-in 

and 1,000,000 MCMC iterations. The genetic diversity of each population sample was 

evaluated as the average expected heterozygosity (HE) values for SNP sites in the MIG-seq 

data. HE was calculated using ARLEQUIN 3.5 (Excoffier and Lischer 2010), the file for 

which was converted from GENEPOP format.  

To visualize the genetic similarities among specimens from different population 

samples, the same dataset with 240 loci for 196 specimens was used to perform a principal 

component analysis (PCA), implemented in GenoDive ver. 2.0b23 (Meirmans and Van 

Tienderen 2004). Missing data were filled by values chosen randomly from all samples, 

according to the sample allele frequencies. A correlation matrix of allele frequencies among 

individuals was used to calculate principal component scores. The first two major principal 

component scores were plotted.  

 

 

Results  

 

Phylogenetic relationships. In total, 18 haplotypes were identified from 207 specimens of 

Aphyocypris chinensis and A. kikuchii. The ML and BI analyses revealed four major clades in 

the two species with high support values; i.e., a Japan clade (JP), two continental clades (C1 

and C2), and a Taiwan clade (TW; Fig. 2). The relationships among clades were not 

completely resolved, but the same topology ((JP (C1 TW)) C2) was supported in both 

analyses. The average uncorrected sequence differences (p-distances) between clades were 
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2.48–4.97% (0.0286–0.0680 in HKY + G distance; Table 2). JP, C1, and TW were relatively 

close to each other, with 2.48–2.89% p-distances (0.0286–0.0344 in HKY + G distance).  

The JP clade included five haplotypes [JPN-1–5; Electronic Supplementary Material 

(ESM) Table S1], all of which were obtained from parts of specimens belonging to captive 

and wild populations from Tanushimaru, and all three wild specimens from Ukiha (Fig. 2). 

The C1 clade consisted of eight haplotypes from Chinese and Korean specimens (CK-1–8) 

and a sequence from the database (AF307452) reported from China. The C2 clade consisted 

only of haplotypes from Sichuan specimens (CSC-1 and 2). One very notable result was 

obtained for the TW clade (KKC-1–3), which consisted of haplotypes from Taiwanese 

specimens (i.e., A. kikuchii) and the majority of captive breeding (89%) and wild (79%) 

specimens of A. chinensis in Japan, as well as commercially traded fish in Japan (100%; OKF, 

n = 4). KKC-1 was the only TW haplotype found in Japan (n = 116 in total). All specimens in 

the introduced population of Shizuoka (IZU; n = 18) also possessed the KKC-1 haplotype.  

Population structure and hybridization. Admixture analysis using STRUCTURE 

supported division into two or three genomic components for specimens of A. chinensis and A. 

kikuchii (maximum ΔK = 726.94 at K = 2, second ΔK=439.87 at K=3 with m=15 and r=0.7; 

Fig. 3). The results were robust for the datasets (47–359 SNPs) produced from different 

parameters of ‘populations’ except whether the best K was 2 or 3 (ESM Fig. S1). Because the 

division with K = 3 simply included that with K = 2, we adopted the results with K = 3.  

Two of the three components corresponded well to A. chinensis from continental China 

and Korea (samples 25–27) and A. kikuchii (Taiwan; samples 28–30); hence, they are 

hereafter referred to as “continental chinensis” and “kikuchii” elements, respectively. The 

Japanese samples were composed of two genetic elements, i.e., a Japanese endemic element 

(“Japanese chinensis”) and a “kikuchii” element, to various degrees. Three samples 

(3.UKH07+08, 8.LBM00, and 9.LBM01) were composed almost completely of the “Japanese 
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chinensis” element, whereas others (e.g., 5.IZU18, 10.LBM_HCA00, 14.LBM17, 15.HCA01, 

24.OKF16) contained only the “kikuchii” element. Samples from the wild population 

(1.TNS08, 2.TNS18) and the majority of captive populations (e.g., 6.HFC01, 7.HFC16, 

16–18.SML01, 18o, 18n, 19.MWU01, 21.CPR18) showed admixed genomic features; the 

average proportions of the “kikuchii” elements ranged from 37% to 88% (Table 1). In the 

results with K = 2, the “Japanese chinensis” and “continental chinensis” elements were 

merged.  

The STRUCTURE analysis of the MIG-seq data (K = 2–6) did not support the result 

from mtDNA, in which the Sichuan specimens were the most distant from all others, although 

the reason for this discrepancy was not clear. However, the analyses using only continental 

samples (n = 21) or all samples except the Japanese samples with the “kikuchii” element (n = 

47), differentiation between Liaoning + Korean samples (samples 26 and 27) and Sichuan 

(28) samples was well supported (ESM Fig. S2).  

The inferred genomic composition of each population was concordant with the data for 

mtDNA haplotype groups (JP, C1, C2, and TW; Fig. 3). That is, all Japanese specimens with 

the pure “Japanese chinensis” element possessed JP haplotypes and those with the pure 

“kikuchii” element possessed a TW haplotype, whereas those with admixed genomes 

possessed either JP or TW haplotypes (Fig. 3). The average HE values for SNP sites in the 

Japanese wild and captive population samples with n ≥ 3 ranged from 0.019 (3.UKH07+08) 

to 0.145 (11.LBM_HCA05). The samples of the pure “Japanese chinensis” element 

(3.UKH07+08, 8.LBM00, and 9.LBM01) had significantly low HE values (0.019–0.028) 

compared with other Japanese samples (0.041–0.145) (Mann–Whitney U test, approximate P 

= 0.009; Table 1; Fig. 4).  

The scatter plots for the first two principal components clearly supported the genetic 

separation among the putatively genuine Japanese A. chinensis samples (3.UKH07+08, 
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8.LBM00, and 9.LBM01), A. chinensis from continental China and Korea, and A. kikuchii of 

Taiwan (Fig. 5). Specimens from other Japanese samples were located between the putatively 

genuine Japanese A. chinensis and A. kikuchii of Taiwan, or overlapped with them. The 

putatively genuine Japanese A. chinensis samples had 7.8–16.1% unique alleles compared to 

other continental and Taiwan samples (ESM Table S2).  

Collectively, mtDNA and MIG-seq data strongly suggest that the Japanese populations 

of A. chinensis have hybridized with A. kikuchii, with the exception of a few lost populations.  

 

 

Discussion  

 

Current situation of Aphyocypris chinensis in Japan. The results of mtDNA and 

genome-wide SNP analyses consistently demonstrated that the Japanese populations of 

Aphyocypris chinensis have hybridized with A. kikuchii, the endemic species of Taiwan. The 

Japanese A. chinensis populations could have undergone some extent of genetic drift because 

of small population size and bottleneck/founder effects. However, genetic drift alone cannot 

explain our results on the sharing of mtDNA and nuclear DNA elements with A. kikuchii. 

Also, the presence of unique alleles in the putatively genuine Japanese samples denies that the 

“Japanese chinensis” element resulted from analytical artifacts.  

Our data provide evidence that genuine Japanese populations of A. chinensis existed in 

captivity until the early 2000s since the discovery of the T94 strain in 1994 (LBM00, 01; Fig. 

6). In addition, specimens obtained from a wild habitat (UKH) in 2007 and 2008 were 

determined to be from a genuine Japanese population. However, all known extant wild and 

captive populations of Japanese A. chinensis have hybridized with A. kikuchii. In other words, 

genuine Japanese populations of A. chinensis have very likely gone extinct.  
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Genuine Japanese individuals of A. chinensis, if they still exist, may be found in captive 

populations derived from early generations of the T94 strain and subsequently kept 

independent from the others. The T94 strain was inferred to originally have been a Japanese 

indigenous population, as LBM00 and LBM01, which were from the T94 strain that had been 

maintained independently since 1994, were not affected by introgression of genetic elements 

of A. kikuchii.  

However, whether the T94 strain originated from a surviving native population near the 

discovery site or from a captive population privately introduced to the site is not clear.  

Another possibility is that genuine Japanese A. chinensis may persist in wild habitats to 

which no recent captive population has been introduced. A population at Ukiha, about 10 km 

from Tanushimaru, was temporarily found in the latter half of the 2000s, and was identified as 

a genuine Japanese population in the present study. Although the species was not found at 

Ukiha in a recent survey (autumn 2018; Kobayakawa and Takaku, unpublished data), further 

investigation is necessary to find genuine Japanese populations in the wild.  

The mixture of A. kikuchii into Japanese A. chinensis populations likely occurred 

through the introduction of aquarium fish. In the 1990s, A. kikuchii was undoubtedly 

circulated in the hobby aquarium market in Japan based on the following evidence. The 

semi-wild population OKF16 has been maintained by ‘OK Fish Farm’, a private ex situ 

conservation facility, since the founder fish were purchased from an aquarium shop and 

introduced in the 1990s. The wild population in Shizuoka (IZU) was also introduced in the 

1990s by informal activity or by accident. Both of these populations are remote from the 

native range of the species and are revealed to be of A. kikuchii, although they have been 

considered to be A. chinensis (e.g., Kitahara 2009). Also, several private records exist 

regarding the aquarium trade of “A. chinensis” from overseas in the 1990s (e.g., 

Nihon-Tanshuigyorui-Aigokai 2003), and captive-bred fish of “A. chinensis” are still 
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commonly traded as of 2019. The morphological differences between A. chinensis and A. 

kikuchii are quite subtle; i.e., the lateral line of the former, but not the latter, extends to above 

the pelvic-fin base (Wu et al. 1964; Zhu et al. 2013). Therefore, traded fish of A. kikuchii 

mislabeled as A. chinensis could have been introduced into a captive A. chinensis 

population(s) without recording this activity. According to our genetic tracing, the initial 

introduction must have happened before 2001, and the genetic elements of A. kikuchii spread 

throughout all captive and reintroduced/reinforced populations until the mid2000s (Fig. 6). 

The low mtDNA diversity of the Japanese A. kikuchii (only one haplotype) suggests that the 

introduced population of A. kikuchii was not very large.  

Although morphological differences between A. chinensis and A. kikuchii are unclear, 

they are genetically well differentiated. Our mtDNA analysis revealed that the Japan (JP), one 

continental (C1), and Taiwanese (TW, A. kikuchii) clades are clearly differentiated from each 

other at a similar level (2.5–2.9% p-distances). These genetic distances would be equivalent to 

1 to 2 million years, if the molecular rate of 1–2% pairwise differentiation per million years in 

the cyprinid cytb is adopted (e.g., 1.5%, Zardoya and Doadrio 1999; 1.2–2.5%, Tominaga et 

al. 2016; 1.2–2.2%, Watanabe et al. 2018; 1.5–1.8%, Jang-Liaw et al. 2019; the ranges show 

95% credible intervals). Considering their distinct differentiation, as well as the species status 

of A. kikuchii, the Japanese  

populations of A. chinensis could be treated as an independent species. In other words, 

the loss of genuine Japanese populations of A. chinensis does not just mean the extinction of 

one regional population of a widely distributed species, but rather is equivalent to the loss of 

an endemic species of Japan.  

Lessons from the case of A. chinensis in Japan. Two major lessons can be inferred 

from the highly probable extinction of genuine Japanese populations of A. chinensis. First, the 

origin and authenticity of individuals used for ex situ conservation programs should be 
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carefully examined using molecular genetic techniques at the initial stage of program activity. 

Genetic management of captive populations that includes the exchange of individuals among 

fragmented subpopulations is reasonable to alleviate inbreeding, loss of genetic diversity, and 

adaptation to captivity, all of which are important issues to consider in captive breeding 

programs (Frankham et al. 2002; Williams and Hoffman 2009). This type of management 

strategy was adequately implemented since the initial steps of captive breeding of the T94 

strain and has been further supported by genetic diversity assessments (Ohara et al. 2003; 

Ohara and Takagi 2005, 2007). Based on the experience of fish managers, the exchange of 

fish actually improves reproduction and alleviates inbreeding depression (e.g., M. Matsuda, 

personal observation). However, there have also been situations in which fish labeled “A. 

chinensis” became common in the aquarium market (in the 1990s), and a wild population was 

established at a remote site (IZU). Considering present-day molecular techniques and the 

accumulation of genetic data in the database, similar failures that mix different species in 

captivity should never be repeated.  

Second, as many habitats and populations as possible should be preserved. Because the 

agricultural ditches in Tanushimaru had become the only known wild habitat of A. chinensis 

in Japan by 1994, the Tanushimaru population (T94, partly with survivors of the T82 strain 

from the same locality) has been used for ex situ preservation and stocking as the only 

remaining Japanese A. chinensis population. As revealed in this study, this captive population 

had been unintentionally mixed with A. kikuchii within the first several years. On the other 

hand, another wild population of A. chinensis was found at Ukiha in the mid-2000s and was 

determined to be a genuine Japanese population in the present study. However, the Ukiha 

population has not been preserved in captivity and does not currently exist in the wild. The 

present case emphasizes the importance of the independent management of multiple 

populations for endangered species.  
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Perspective for conservation of A. chinensis in Japan. We propose the following 

three issues for the future conservation of A. chinensis in Japan. First, further investigation 

should be conducted immediately to determine whether any genuine Japanese populations of 

A. chinensis still exist. As discussed above, such populations may exist in both captivity and 

the wild. Wide-ranging and high-resolution surveys using environmental DNA would be 

useful (e.g., Takahara et al. 2012; Miya et al. 2015), as well as typical fish capture surveys. 

Second, until a genuine population can be discovered, hybrid populations of Japanese A. 

chinensis with A. kikuchii should be preserved as the only remaining populations with genetic 

features of Japanese A. chinensis. Genetic management is necessary to prevent an increase of 

genetic elements of A. kikuchii in captive populations. It should be essential that genetic 

information of each captive population is shared among responsible managers and 

administrators. Third, to achieve the first two goals, genuine A. kikuchii populations in the 

wild (IZU) and in captivity should be clearly recognized as a species distinct from A. 

chinensis and should be managed separately as populations of an exotic species.  
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Figure legends 

 

Fig.1 Details of the captive breeding, exchange of fish, and reintroduction/reinforcement into 

the wild of Japanese populations of Aphyocypris chinensis. Two source populations are 

known to have contributed to the captive populations since 1982; T82 and T94 were collected 

at Tanushimaru in 1982 and 1994, respectively. In addition, an “unknown” source was likely 

introduced into HCA before 2001. Different bar colors correspond to different or unknown 

sources. The figures near arrowheads indicate the year and number of fish (in parentheses) 

translocated as far as are known (i.e., no year data means that the timing of the translocation is 

unknown). BWB Biwakobunkakan, CPF Conservation Pond in Fukuoka City, CPR Clean 

Park Rinkai, FEC Fukuoka Eastern Clean Plant, HCA Himeji City Aquarium, HFC 

Hinamoroko Foster-parent Club, KEE Kyushu Environmental Evaluation Association, LBM 

Lake Biwa Museum, MWU Marine World Uminonakamichi, OMC Omuta captive population, 

SML Shima Marineland, TKU Tokai University, TNS Tanushimaru wild population, UKH 

Ukiha wild population. See Table 1 for more details  

 

Fig.2 The ML tree of Aphyocypris chinensis and A. kikuchii with selected outgroups based on 

cytb sequences (1,141 bp). Only the closest outgroup clade is shown. The OTU labels are 

represented as the haplotype name, number of specimens (in parentheses), and sample 

abbreviation (see Table 1). The clade names (JP, C1, C2, and TW) and localities (or origins of 

captive populations) are shown. Numbers at major internodes represent ML bootstrap 

probability values for 200 replicates and Bayesian posterior probability values. Photographs 

of fish from representative samples are shown: from top, fish collected from Saga Prefecture 

in 1971 (by S. Nonaka), T82 specimens kept at Biwako-bunkakan (1991 by H. Akiyama), 

T82 + unknown origin from Himeji City Aquarium kept at the Lake Biwa Museum (2008 by 
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M. Matsuda), and A. kikuchii from Hualian, Taiwan in 2006 [National Museum of Natural 

Science (Fish), Taichung (NMNSF) 01501-F, by N.-H. Jang-Liaw]  

 

Fig. 3 Results of admixture analysis for captive and wild populations of Aphyocypris 

chinensis and A. kikuchii based on data for 240 SNPs obtained using STRUCTURE (Pritchard 

et al. 2000). a Results of the assignment for K = 3 (second best). Each vertical bar represents 

an individual partitioned into the three clusters defined by STRUCTURE. Different colors 

represent three genetic elements; blue “Japanese chinensis,” green “continental chinensis,” 

and red “kikuchii” (see text). In the results with K = 2, the “Japanese chinensis” and 

“continental chinensis” elements were merged. Circles below the bars indicate mtDNA types 

(see Fig. 2); blue JP, green C1, violet C2 (A. chinensis), red TW (A. kikuchii), and dash 

missing. For sample abbreviations, see Fig. 1 and Table 1. 

b ΔK following Evanno et al. (2005) as a function of the number of assumed populations (K = 

1–6)  

 

Fig. 4 Frequency distribution of the average expected heterozygosity in MIG-seq data for the 

suspected genuine Japanese A. chinensis populations (black), hybrid populations (gray), and 

genuine A. kikuchii populations (open)  

 

Fig. 5 Scatter plot of the first and second principal components for 240 SNPs from the 

MIG-seq analysis. The percent of variation explained by each axis is shown in parentheses  

 

Fig. 6 Genetic features of wild and captive population samples of Japanese Aphyocypris 

chinensis inferred by mtDNA and genome-wide SNP analyses. The analyzed samples are 

mapped on the chronological scheme of population management. Blue circles genuine 
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Japanese population, yellow triangles hybrids between A. chinensis and A. kikuchii, red 

triangle (almost) genuine A. kikuchii population. For sample ID (shown in symbols) and 

abbreviations, see Fig. 1 and Table 1  
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Table 1 Wild and captive populations of Aphyocypris chinensis and comparative materials analyzed in this study 
Sample 
# Code Locality or institution Known origin Collection  Catalog No.1 Number odf specimens  Average HE  

    year (GEDIMAP ID) mtDN
A 

(KKC)
2 

MIG-se
q 

(KKC)
3 of MIG-seq 

Wild 
          

1 TNS08 Tanushimaru, Kurume, 
Fukuoka, Japan 

T94-strain 2008 uncataloged 
(P2354) 

6 (3) 4 (46%) 0.124 ± 
0.221 

2 TNS18 Tanushimaru, Kurume, 
Fukuoka, Japan 

T94-strain 2018 uncataloged 
(P2355) 

1 (1) 1 (59%) 0.092 ± 
0.289 

3 UKH07+08 Ukiha, Fukuoka, Japan Native 2007, 2008 uncataloged 
(P2356) 

3 (0) 3 (0%) 0.019 ± 
0.108 

4 IZU11 Matsuzaki, Shizuoka, Japan Introduced from unknow origin 2011 uncataloged 
(P2357) 

2 (2) — — — 

5 IZU18 Matsuzaki, Shizuoka, Japan Introduced from unknow origin 2018 uncataloged 
(P2358) 

16 (16) 8 (100%) 0.042 ± 
0.139 

Captive 
          

6 HFC01 Hinamoroko Foster-parent 
Club; Fukuoka, Japan 

T94-strain; used in Ohara et al. 
(2003) 

2001 LBM1210034576–121003457
8 
(P2359) 

7 (6) 8 (69%) 0.111 ± 
0.200 

7 HFC16 Hinamoroko Foster-parent 
Club; Fukuoka, Japan 

T94-strain 2016 uncataloged 
(P2360) 

8 (7) 8 (78%) 0.099 ± 
0.177 

8 LBM00 Lake Biwa Museum; Shiga, 
Japan; 1998 year-class of 
T94-strain 

Genuine T94-strain, 1998-year 
class 

2000 LBM1210029751–121002975
3 
(P2361) 

8 (0) 8 (0%) 0.028 ± 
0.104 

9 LBM01 Lake Biwa Museum; Shiga, 
Japan 

Genuine T94-strain; used in 
Ohara et al. (2003) 

2001 LBM1210032516, 
1210034461–1210034463 
(P2362) 

4 (0) 8 (0%) 0.027 ± 
0.101 

10 LBM_HCA0
0 

Lake Biwa Museum; Shiga, 
Japan; From HCA 

T94-strain from HCA (patially 
lacking information) 

2000 LBM1210029751–121002975
3 
(P2363) 

7 (7) 8 (100%) 0.063 ± 
0.152 

11 LBM_HCA0
5 

Lake Biwa Museum; Shiga, 
Japan 

T94-strain mixed with HCA 2005 LBM1210044783–121004478
6 
(P2364) 

8 (8) 8 (58%) 0.145 ± 
0.220 

12 LBM06 Lake Biwa Museum; Shiga, 
Japan 

T94-strain mixed with HCA? 2006 LBM1210046456 
(P2365) 

1 (1) 1 (37%) 0.138 ± 
0.345 

13 LBM09_FS Lake Biwa Museum; Shiga, 
Japan 

T94-strain; Frozen sperm 
deposited in National Institute for 
Environmental Studies, Japan 

2009 NIES ID 1881P–11891P 
(P2366) 

11 (10) — — — 

14 LBM17 Lake Biwa Museum; Shiga, 
Japan 

TKU from HCA 2017 uncataloged 
(P2367) 

8 (8) 8 (99%) 0.041 ± 
0.128 
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15 HCA01 Himeji City Aquarium; Hyogo, 
Japan 

T82-strain from 
Biwako-bunkakan probably 
followed by introduction of an 
unknown strain; used in Ohara et 
al. (2003) 

2001 LBM1210034617–121003462
1 
(P2368) 

2 (2) 9 (97%) 0.069 ± 
0.151 

16 SML01 Shima Marineland; Mie, Japan T94-strain from MWU in 1999; 
used in Ohara et al. (2003)  

2001 LBM1210034504–121003450
6 
(P2369) 

4 (4) 8 (80%) 0.062 ± 
0.148 

17 SML18o Shima Marineland; Mie, Japan T94-strain probably from LBM 2018 uncataloged 
(P2370) 

10 (10) 10 (51%) 0.112 ± 
0.197 

18 SML18n Shima Marineland; Mie, Japan T94-strain from MWU and LBM 2018 uncataloged 
(P2371) 

10 (10) 10 (58%) 0.101 ± 
0.189 

19 MWU01 Marine World 
Uminonakamichi; Fukuoka, 
Japan 

T94-strain from HFC in 1995, 
1997 and 2000; used in Ohara et 
al. (2003)  

2001 LBM1210034554–121003455
7 
(P2372) 

7 (7) 8 (70%) 0.101 ± 
0.184 

20 KEE04 Kyushu Environmental 
Evaluation Association; 
Fukuoka, Japan 

T82 and T94-strains; Frozen 
sperm deposited in National 
Institute for Environmental 
Studies, Japan 

2004 NIES ID 1618P–1634P 
(P2373) 

17 (14) 6 (30%) 0.103 ± 
0.189 

21 CPR18 Clean Park Rinkai; Fukuoka, 
Japan 

T94-strain and probably T82 from 
KEE and a conservation pond in 
Fukuoka (CPF) 

2018 uncataloged 
(P2374) 

20 (15) 20 (46%) 0.113 ± 
0.187 

22 OMC Omuta; Fukuoka, Japan T94-strain probably mixed with 
HFC 

2019 uncataloged 
(P2375) 

13 (13) — — — 

23 TKU10_FS Tokai University; Shizuoka, 
Japan; via Research Institute of 
Environment, Agriculture and 
Fisheries, Osaka Prefecture 

T94-strain from HFC and HCA?; 
Frozen sperm deposited in 
National Institute for 
Environmental Studies, Japan 

2010 NIES ID 1816P, 1817P, 
1819P, 1820P 
(P2376) 

4 (4) — — — 

24 TKU18 Tokai University; Shizuoka, 
Japan 

T94-strain from HFC and HCA? 2018 uncataloged 
(P2377) 

16 (16) 16 (88%) 0.047 ± 
0.130 

25 OKF16 OK Fish Farm; Saitama, Japan Aquarium trade in Tokyo in 
1990s 

2016 uncataloged 
(P2378) 

4 (4) 8 (100%) 0.047 ± 
0.138 

Outside of Japan 
         

26 KOR07 Gunsan, Korea Native 2007 uncataloged 
(P2379) 

10 (0) 6 (1%) 0.078 ± 
0.161 

27 CLN01 Liaoning, China Native; used in Ohara et al. 
(2003) 

2001 LBM1210034659–121003466
1 
(P2380) 

8 (0) 7 (0%) 0.058 ± 
0.154 

28 CSC02 Sichuan, China Native?; Donated from Institute 
of Hydrobiology, Chinese 
Academy of Sciences 

2002 LBM1210036127–121003612
9 
(P2381) 

3 (0) 8 (0%) 0.050 ± 
0.135 

29 TTD01 Taidong, Taiwan Native (A. kikuchii) 2001 LBM1210034720–121003472
1 

— — 2 (100%) 0.055 ± 
0.173 

30 TTD02 Taidong, Taiwan Native (A. kikuchii) 2002 uncataloged — — 1 (99%) 0.042 ± 
0.200 
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31 THL05 Hualian, Taiwan Native (A. kikuchii) 2005–2006 NMNSF01373-3, 
NMNSF1501-1, uncataloged 
(2) 
(P2382) 

2 (2) 4 (99%) 0.070 ± 
0.197 

     
Total 220 

 
196 

  

1 LBM Lake Biwa Museum, Shiga, NIES National Institute for Environmental Studies, Tsukuba; NMNSF National Museum of Natural Science (Fish), Taichung 
  

2 Number of specimens with a haplotype of A. kikuchii 
        

3 Proportion of the genomic element of A. kikuchii (Structure, K = 3; 'populations' parameter, r = 0.7, m = 15 in stacks) 
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Table 2 Average (± SD) distances of mtDNA cytb sequences between four clades of Aphyocypris 
chinensis and A. kikuchii 

 JP  C1  C2  TW  

JP 0.0023 ± 0.0013 0.0311 ± 0.0020 0.0645 ± 0.0044 0.0344 ± 0.0020 
C1 0.0263 ± 0.0014 0.0039 ± 0.0017 0.0607 ± 0.0026 0.0286 ± 0.0023 
C2 0.0472 ± 0.0023 0.0452 ± 0.0015 0.0079 ± — 0.0680 ± 0.0029 
TW 0.0289 ± 0.0014 0.0248 ± 0.0017 0.0497 ± 0.0015 0.0048 ± 0.0023 
Underlined values along the diagonal are average uncorrected p-distances between haplotypes 
within clades 
The uncorrected p-distance and HKY + G distance values lie below and above the diagonal, 
respectively 
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ESM Fig. S1 Results of admixture analysis for captive and wild populations of Aphyocypris chinensis and A.
kikuchii based on selected parameter sets of the program ‘populations’ obtained using STRUCTURE. Results of
the assignment for K = 3 and ΔK as a function of the number of assumed populations (K = 1–6) are shown.
Each vertical bar represents an individual partitioned into the three clusters defined by STRUCTURE. Different
colors represent three genetic elements; blue “Japanese chinensis,” green “continental chinensis,” and red
“kikuchii” (see text). In the results with K =2, the “Japanese chinensis” and “continental chinensis” elements
were merged. For sample codes (above bars), see Fig. 1 and Table 1
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ESM Fig. S2 Results of admixture analysis for two subsets of Aphyocypris chinensis and A. kikuchii samples
using STRUCTURE. a Results for three continental population samples (n = 21 specimens in total). b Results
for samples except for the Japanese samples with the “kikuchii” element (n = 47 specimens in total). The
assignments for K = 2 and 3 (a) and K = 2–4 (b), and ΔK as a function of the number of assumed populations (K
= 1–6) are shown. The parameter setting of the program ‘populations’ is r = 0.7 and m = 15 (240 SNPs). Each
vertical bar represents an individual partitioned into 2–4 clusters defined by STRUCTURE. Different colors
represent different genetic elements. For the details of samples (above bars), see Fig. 1 and Table 1
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ESM Table S1 mtDNA cytochrome b  haplotype composition of wild and captive populations of Aphyocypris chinensis  and comparative materials analyzed in this study

Sample # Code Locality or institution Collection

year n JP C1 C2 TW GEDIMAP ID

Wild

1 TNS08 Tanushimaru, Kurume, Fukuoka,

Japan

T94-strain 2008 6 JPN-4(3) KKC-1(3)

2 TNS18 Tanushimaru, Kurume, Fukuoka,

Japan

T94-strain 2018 1 KKC-1(1)

3 UKH07+08 Ukiha, Fukuoka, Japan Native 2007, 2008 3 JPN-3(2),

JPN-5(1)

4 IZU11 Matsuzaki, Shizuoka, Japan Introduced from unknow origin 2011 2 KKC-1(2)

5 IZU18 Matsuzaki, Shizuoka, Japan Introduced from unknow origin 2018 16 KKC-1(16)

Captive

6 HFC01 Hinamoroko Foster-parent Club;

Fukuoka, Japan

T94-strain; used in Ohara et al. (2003) 2001 7 JPN-4(1) KKC-1(6)

7 HFC16 Hinamoroko Foster-parent Club;

Fukuoka, Japan

T94-strain 2016 8 JPN-1(1) KKC-1(7)

8 LBM00 Lake Biwa Museum; Shiga, Japan;

1998 year-class of T94-strain

Genuine T94-strain, 1998-year class 2000 8 JPN-2(8)

9 LBM01 Lake Biwa Museum; Shiga, Japan Genuine T94-strain; used in Ohara et

al. (2003)

2001 4 JPN-2(4)

10 LBM_HCA00 Lake Biwa Museum; Shiga, Japan;

From HCA

T94-strain from HCA (patially lacking

information)

2000 7 KKC-1(7)

11 LBM_HCA05 Lake Biwa Museum; Shiga, Japan T94-strain mixed with HCA 2005 8 KKC-1(4), CR-

1(4)
2

12 LBM06 Lake Biwa Museum; Shiga, Japan T94-strain mixed with HCA? 2006 1 KKC-1(1)

13 LBM09_FS Lake Biwa Museum; Shiga, Japan T94-strain; Frozen sperm deposited in

National Institute for Environmental

Studies, Japan

2009 11 JPN-4(1) KKC-1(10)

14 LBM17 Lake Biwa Museum; Shiga, Japan TKU from HCA 2017 8 KKC-1(8)

15 HCA01 Himeji City Aquarium; Hyogo,

Japan

T82-strain from Biwako-bunkakan

probably followed by introduction of an

unknown strain; used in Ohara et al.

(2003)

2001 2 KKC-1(2)

16 SML01 Shima Marineland; Mie, Japan T94-strain from MWU in 1999; used in

Ohara et al. (2003)

2001 4 KKC-1(4)

17 SML18o Shima Marineland; Mie, Japan T94-strain probably from LBM 2018 10 KKC-1(10)

18 SML18n Shima Marineland; Mie, Japan T94-strain from MWU and LBM 2018 10 KKC-1(10)

19 MWU01 Marine World Uminonakamichi;

Fukuoka, Japan

T94-strain from HFC in 1995, 1997 and

2000; used in Ohara et al. (2003)

2001 7 KKC-1(8)

20 KEE04 Kyushu Environmental Evaluation

Association; Fukuoka, Japan

T82 and T94-strains; Frozen sperm

deposited in National Institute for

Environmental Studies, Japan

2004 17 JPN-1(1),

JPN-2(1),

JPN-4(1)

KKC-1(14)

21 CPR18 Clean Park Rinkai; Fukuoka, Japan T94-strain and probably T82 from KEE

and a conservation pond in Fukuoka

(CPF)

2018 20 JPN-4(5) KKC-1(15)

22 OMC Omuta; Fukuoka, Japan T94-strain probably mixed with HFC 2019 13 KKC-1(13)

23 TKU10_FS Tokai University; Shizuoka, Japan;

via Research Institute of

Environment, Agriculture and

Fisheries, Osaka Prefecture

T94-strain from HFC and HCA?; Frozen

sperm deposited in National Institute

for Environmental Studies, Japan

2010 4 KKC-1(4)

24 TKU18 Tokai University; Shizuoka, Japan T94-strain from HFC and HCA? 2018 16 KKC-1(16)

25 OKF16 OK Fish Farm; Saitama, Japan Aquarium trade in Tokyo in 1990s 2016 4 KKC-1(4)

Outside of Japan

26 KOR07 Gunsan, Korea Native 2007 10 CK-1(1), CK-

3(1), CK-4(2),

CK-5(1),

CK6(2), CK-

7(1), CK-8(2)

27 CLN01 Liaoning, China Native; used in Ohara et al. (2003) 2001 8 CK-2(8)

28 CSC02 Sichuan, China Native?; Donated from Institute of

Hydrobiology, Chinese Academy of

Sciences

2002 3 CSC-1(2),

CSC-2(1)

29 TTD01 Taidong, Taiwan Native (A. kikuchii ) 2001 —

30 TTD02 Taidong, Taiwan Native (A. kikuchii ) 2002 —

31 THL02 Hualian, Taiwan Native (A. kikuchii ) 2002 2 KKC-2(1),

KKC-3(1)

Total 220

1 LBM  Lake Biwa Museum, Shiga, NIES National Institute for Environmental Studies, Tsukuba; NMNSF  National Museum of Natural Science (Fish), Taichung
2 CR Haplotype of the mtDNA control region

Haplotypes (n )



JPN_genuine KOR+CLN CSC TWN JPN_introduced

JPN_genuine (n  = 38) —

KOR+CLN (n  = 26) 7.8 (166) —

CSC (n  = 16) 10.7 (169) 2.6 (153) —

TWN (n  = 14) 16.1 (199) 6.7 (165) 10.8 (166) —

JPN_introduced (n  = 32) 15.5 (200) 5.4 (166) 10.1 (169) 0.0 (201) —

KOR+CLN+CSC+TWN (n  = 56) 5.5 (183) — — — —

ESM Table S2 Percentage of alleles substituted between population pairs of Aphyocypris chinensis
and A. kikuchii

n  Number of specimens

The percentage was calculated using loci with the missing rate < 0.5 in each population (the total number of loci is shown

in parentheses )

JPN_genuine:  3_UKH07&08, 8_LBM00, 9_LBM01; KOR+CLN : 25_KOR07, 26_CLN01; CSC : 27_CSC02; TWN :

28_TTD01, 30_THL02; JPN_introduced: 05_IZU18, 24_OKF16

For the details of samples, see Fig. 1 and Table 1


