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Abstract
Hybrid, polyploid, and clonal fishes are found naturally in wild populations, but they can also be induced artificially by cross-
breeding and chromosome manipulation. The dojo loach Misgurnus anguillicaudatus includes various naturally occurring 
as well as artificially induced hybrid, polyploid, and clonal biotypes. This review aims to organize the results from previous 
works that used the dojo loach as the model animal for a better understanding of the interrelationship among the constitution 
of chromosome sets, the meiotic configuration, and the resultant gametogenesis. Autopolyploids with an even number of extra 
sets of homologous chromosomes were observed to be fertile. However, autopolyploids with an odd number of extra sets of 
homologous chromosomes and allopolyploids (polyploid hybrids) with exotic non-homologous chromosomes were found 
to exhibit a broad range of sterility ranging from retarded gonadal development to the production of aneuploid gametes with 
various abnormal characteristics. Sterile biotypes often showed meiotic configurations, including univalents. Past hybridiza-
tion events likely triggered the atypical reproduction phenomena, such as the formation of unreduced isogenic gametes by 
doubling each chromosome for sister chromosome pairing, the elimination of a non-homologous chromosome set by meiotic 
hybridogenesis, and clonal development by spontaneous gynogenesis of unreduced eggs. The results obtained by studying a 
series of works using the dojo loach as the model organism highlight the mechanisms of sterility in hybrids and polyploids 
as well as of unisexuality in isogenic clones. These results contribute to the understanding of basic and aquaculture-oriented 
reproductive biology and genetics in fishes.
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Introduction

Chromosome manipulation, including hybridization, is a 
set of techniques used to control the number and combina-
tion of sets of chromosomes derived from phylogenetically 
identical, similar, or distant species. The major techniques 
of chromosome manipulation are heterospecific fertiliza-
tion for hybridization, inhibition of meiotic or mitotic divi-
sions for ploidy level elevation, and genetic inactivation of 
gametes for induced gyno- and androgenesis (Fig. 1a–h). 

These techniques have been used to understand the basic 
biology of fish and their commercial applications, as already 
discussed in previous publications (Chevassus 1983; Arai 
2000, 2001, 2002; Bartley et al. 2001; Scribner et al. 2001; 
Komen and Thorgaard 2007; Piferrer et al. 2009; Arai and 
Fujimoto 2013, 2019; Benfey 2016; Rahman et al. 2019). In 
aquaculture-oriented research, reproduction in hybrid and 
triploid fishes has been examined in relation to gonadal, 
gametic, and zygotic sterilities. Sterility often reallocates 
energy from maturation to somatic growth, and therefore an 
improvement in growth traits is predictable. Hybridization 
and triploidization also serve as reproductive control tools to 
diminish the risk of the accidental escape of exotic species 
and genetically modified organisms, including transgenics 
and genome-edited organisms, into indigenous ecosystems 
(Cotter et al. 2000; Devlin et al. 2006, 2010; Piferrer et al. 
2009; Benfey 2016; Arai and Fujimoto 2019; Rahman et al. 
2019); such organisms could seriously disturb biodiversity 
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in indigenous ecosystems through genetic contamination 
and introgression. Both artificially produced hybrid and/or 
induced triploid strains are widely used in commercial fish 
culture (Arai 2000, 2001, 2002; Bartley et al. 2001; Scribner 
et al. 2001; Komen and Thorgaard 2007; Piferrer et al. 2009; 
Arai and Fujimoto 2013, 2019; Rahman et al. 2019; Havelka 
and Arai 2019). Occasionally, products of hybridization 
and triploidization, i.e., triploid hybrids or allotriploids, are 
developed as sterile all-female strains, especially in salmo-
nids, to vitalize the local economy (Arai 2001, 2002; Kohara 
and Denda 2008; Arai and Fujimoto 2019). Moreover, sterile 
hybrid and triploid fishes can be readily applied as ideal 
hosts (recipients) in germ-line chimeras, because they do 
not undergo normal gametogenesis, and only transplanted 
exogenous germ cells can develop into fertile gametes in 
sterilized gonads (Piva et al. 2018; Goto and Saito 2019).

Certain kinds of artificial hybrid females exhibit unre-
duced egg formation, as previously reported in the hybrids 
of medaka (Shimizu et al. 2000), salmonid (Johonson and 

Wright 1986), sunfish (Dawley et al. 1985), cyprinid (Liu 
et al. 2001; Liu 2010), and cobitid (Choleva et al. 2012; 
Marta et al. 2023) fishes. These fertile hybrid females pro-
duced triploid progeny when backcrossed with parental spe-
cies. Hybrids laying gynogenetically developed unreduced 
eggs were rare (Johonson and Wright 1986; Lampert et al. 
2007; Choleva et al. 2012). The hybrid males had unde-
veloped abnormal testes, at best, with aneuploid sperm 
which could fertilize normal eggs but produced inviable 
progeny (Hamaguchi and Sakaizumi 1992; Shimizu et al. 
1997; Arai and Fujimoto 2013, 2019; Marta et al. 2023). 
However, exceptional cases of fertile unreduced sperm were 
reported in Iberian minnow (Alves et al. 1999) and a crucian 
carp × common carp hybrid (Liu et al. 2001).

Hybridization between remotely distant species often 
results in inviable progeny (Chevassus 1983; Devlin et al. 
2022). Although hybridization between closely related 
species produces viable progeny, in most cases, the result-
ant progeny is sterile (Chevassus 1983). On the contrary, 

Fig. 1  Basic techniques of chromosome (set) manipulation in tel-
eosts as exemplified in the dojo loach Misgurnus anguillicaudatus. 
a Diploid induction by normal fertilization (2n female × 2n male). 
Mature eggs at the metaphase of second meiosis can accept sperm. 
After sperm intrusion, the second polar body (2 PB) is released and 
a 1n female (egg) pronucleus and a 1n male (sperm) pronucleus 
fuse to form a 2n zygote, which begins cleavage and development. 
b Triploid induction by the inhibition of second polar body (2  PB) 
release (PBI) after fertilization (2n × 2n/PBI). c Tetraploid induction 
by the inhibition of cleavage (CVI) after fertilization (2n × 2n/CVI). 
d Gynogenetic haploid induction by the fertilization of normal eggs 
with UV-irradiated genetically inert sperm (2n × UV). e Gynogenetic 
(heterozygous) diploid induction by PBI after the fertilization of nor-
mal eggs with UV-irradiated genetically inert sperm (2n × UV/PBI). 
f Gynogenetic (homozygous) diploid (doubled haploid) induction by 

CVI after the fertilization of normal eggs with UV-irradiated sperm 
(2n × UV/CVI). Doubled haploids produce isogenic eggs from which 
a clonal strain can be formed by second-round gynogenesis followed 
by artificial diploidization (PBI or CVI). g Androgenetic haploid 
induction by the fertilization of UV-irradiated genetically inert eggs 
with normal sperm of a diploid male (UV × 2n). h Androgenetic dip-
loid (doubled haploid) induction by CVI after the fertilization of UV-
irradiated genetically inert eggs with normal sperm of a diploid male 
(UV × 2n/CVI). Doubled haploids produce isogenic eggs or sperm 
from which a clonal strain can be formed by second round-gynogene-
sis or androgenesis followed by diploidization (PBI or CVI for gyno-
genesis, CVI for androgenesis). 2 PB second polar body, UV genetic 
inactivation of gametic nucleus by UV irradiation, open arrow timing 
of inhibition of 2 PB release (PBI), solid arrow timing of inhibition 
of the cleavage (CVI)
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hybrids between moderately distant species sometimes 
bypass the expression of sterility and acquire the ability to 
produce fertile gametes by atypical modes of reproduction, 
as mentioned later in the text. This phenomenon is generally 
known as the “balanced hypothesis” advocated by Moritz 
et al. (1989). In natural hybrids of Poeciliopsis (Schultz 
1969) and Hexagrammus (Kimura-Kawaguchi et al. 2014), 
hybridogenesis produces hemiclonal haploid eggs by elimi-
nating the paternally derived haploid set of chromosomes in 
the course of oogenesis and then exclusively transmitting the 
maternally derived haploid set of chromosomes into the eggs 
without any recombination (Fig. 2a). When backcrossed 
with paternal species, this progeny would comprise a hap-
loid set of isogenic chromosomes from the mother and a 
haploid set of chromosomes from the father, generating only 
hybrid progeny in the next generation. Thus, through hybri-
dogenesis, natural hemiclonal hybrids can be perpetuated by 
backcrossing with the paternal parent. Interestingly, hybrid-
origin allodiploid and allopolyploid fish species reproduce 
asexually through the gynogenesis of unreduced isogenic 
eggs (Fig. 2b), as previously reported in Poecilia (Monaco 
et al. 1984; Dedukh et al. 2022), Squalius (Rutilus) (Col-
lares-Pereira et al. 2013), Carassius (Yamashita et al. 1993; 
Mishina et al. 2021), Cobitis (Janko et al. 2018; Dedukh 
et al. 2020a), and others (Beukeboom and Vrijenhoek 1998; 
Goddard et al. 1998). Thus, hybridization and subsequent 
elevation of the ploidy level in the resultant progeny some-
times confer a capacity for clonal reproduction of unreduced 
eggs by gynogenesis. Such kinds of natural clonal lines are 
essentially different from the artificially established clonal 
strains that are induced by chromosome manipulation tech-
niques (Arai 2000, 2001, 2002; Komen and Thorgaard 2007; 
Arai and Fujimoto 2013, 2019), wherein the second cycle 
of gyno- or androgenesis of isogenic gametes laid by com-
pletely homozygous doubled haploids (DH) can be induced 
by inhibiting the first cleavage after gyno- or androgenetic 
haploid development initiated by fertilization with geneti-
cally inactivated UV-irradiated sperm or eggs (Fig. 1f, h). 
As mentioned above, hybrid, polyploid, and asexual clones 
are closely interrelated. However, the gametogenic and mei-
otic mechanisms responsible for atypical reproduction, com-
prising unreduced gametogenesis, unisexual gynogenesis, or 
hybridogenesis, are not well understood. Moreover, the mei-
osis of artificial hybrid and induced polyploid fishes is also 
not understood conclusively. Thus, our knowledge of the 
cytogenetic mechanisms behind the expression of various 
kinds of sterilities in both natural and induced hybrids and 
triploids is still fragmentary and insufficient. The behavior 
and configuration of meiotic chromosomes, i.e., the capacity 
for synapsis formation between homologous, homoeologous, 
and/or orthologous chromosomes to form regular bivalents, 
have not yet been well examined in most cases of hybrid 
and polyploid fishes due to technical difficulties brought 

on by the relatively large numbers and small sizes of fish 
chromosomes.

Dojo loach Misgurnus anguillicaudatus is an excel-
lent model animal to study the biological significance of 
both naturally occurring and artificially induced hybrid, 
polyploid, and clonal biotypes (Arai and Fujimoto 2013). 
This is because it is considered to be a species complex 
comprising genetically independent groups, which are 
presumably equivalent to species and their hybrids as well 
as to various levels of natural polyploid and clonal bio-
types (Arai and Fujimoto 2013). In addition, as an experi-
mental animal, dojo loach is generally easy to mature, 
ovulate, spermiate, and fertilize in relatively small-scale 
laboratory conditions, and procedures to breed, raise, and 
mature resultant progeny have already been established 
(Suzuki 1982; Arai and Fujimoto 2013). Therefore, dojo 
loach and related species have been used as model organ-
isms in basic biological and biotechnological studies on 
fertilization (Yanagimachi et al. 2017) (Fig. 1a), devel-
opmental staging (Fujimoto et al. 2004, 2006), sex dif-
ferentiation (Fujimoto et al. 2010a), sex reversal (Nomura 
et al. 1998; Yoshikawa et al. 2007, 2009), induced poly-
ploidy (Suzuki et al. 1985a; Fujimoto et al. 2010b, 2013) 
(Fig. 1b, c), UV-ray-induced gynogenesis (Suzuki et al. 
1985b; Suwa et  al. 1994) (Fig.  1d), UV ray-induced 
androgenesis (Arai et  al. 1992; Masaoka et  al. 1995; 
Fujimoto et al. 2007; Yasui et al. 2010) (Fig. 1g), cold-
shock-induced androgenesis (Morishima et al. 2011; Hou 
et al. 2013, 2014), nucleo-cytoplasmic hybrids (Fujimoto 
et al. 2010c), nuclear transplantation (Tanaka et al. 2009), 
intracytoplasmic sperm injection (Yasui et  al. 2018), 
germ cell transplantation (Yasui et al. 2011), cryobank-
ing (Kusuda et al. 2004; Yasui et al. 2008, 2009, 2010, 
2011, 2012; Inoue et al. 2012), gene knockdown (Fuji-
moto et al. 2010a; Yasui et al. 2011), gene transfer (Nam 
et al. 2002), mitochondrial DNA markers (Morishima 
et al. 2008a; Shibata et al. 2020), nuclear gene markers 
(Yamada et al. 2015; Kuroda et al. 2021a), repetitive DNA 
markers (Fujimoto et al. 2017), allozyme markers (Khan 
and Arai 2000), microsatellite markers (Morishima et al. 
2001, 2008b; Arias-Rodriguez et al. 2007), and molecu-
lar cytogenetics (Li et al. 2010, 2011, 2013, 2015, 2016; 
Kuroda et al. 2018, 2019, 2021b; Shibata et al. 2023).

In the first section of this review, the genetic structure 
and genomic constitution of the dojo loach species com-
plex are briefly overviewed. The dojo loach was previ-
ously considered a single-species entity (Saitoh 1989), 
but a series of genetic and cytogenetic studies revealed 
that it included genetically independent groups (Khan and 
Arai 2000; Arias-Rodriguez et al. 2007; Morishima et al. 
2008a; Yamada et al. 2015; Fujimoto et al. 2017; Kuroda 
et al. 2018, 2021a; b; Shibata et al. 2020, 2023), and the 
recent invasion of Japan by exotic loaches through the 



540 Fisheries Science (2023) 89:537–570

1 3

transportation of, e.g., food and fishing baits (Shimizu 
2014) has made the situation with the natural populations 
much more complicated. Natural tetraploids, triploids, 
and other polyploids with higher DNA contents were 
often found in market samples but rarely in wild popu-
lations (Ojima and Takai 1979; Arai et al. 1991a; Arai 
2003; Zhang and Arai 2003; Zhao et al. 2012a). Progeny 
from their hybridization and chromosome manipulation 
exhibited atypical reproductive modes that had never 
been observed in wild-type diploid dojo loach (Arai and 
Fujimoto 2013). After that, meiosis and gametogenesis 
in several kinds of artificial allodiploid hybrids, natu-
ral autopolyploids, allopolyploids, and clonal biotypes 
are focused upon to reveal certain relationships between 
reproductive capacity (fertility/sterility) and genome 
(chromosome set) constitution. The expression of atypi-
cal reproductive modes, such as sterility at the gonadal, 
gametic, and zygotic levels and fertility by the formation 
of unreduced gametes, is discussed in relation to mecha-
nisms for altering meiosis and gametogenesis.

Brief overview on loach taxonomy 
and phylogeny

An overview on the phylogenetic and taxonomical rela-
tionship among Misgurnus loaches is schematically shown 
in Fig. 3. The dojo loach M. anguillicaudatus has been 
treated as a single-species entity for a long time (Saitoh 
1989), but its taxonomical status is inconclusive, unstable, 

(a) Process of naturally occurring
hemiclonal reproduc	on by hybridogenesis

(b) Process of naturally occurring clonal 
reproduc	on by gynogenesis 

(c) Process of naturally occurring regular 
meiosis in triploid by meio	c hybridogenesis

Fig. 2  Atypical reproductive modes found in teleosts. a Hybridogen-
esis (hemiclonal reproduction). This system presumably originates 
from a past hybridization event between genetically differentiated 
ancestors (differences are shown by green and yellow chromosomes). 
Paternally derived (yellow) chromosomes are eliminated in the course 
of oogenesis, while maternally derived (green) chromosomes are 
transmitted to haploid eggs without any recombination, and thus all 
resultant eggs are isogenic hemiclonal. The precise mechanism for 
isogenic haploid egg formation has not been identified. The fertiliza-
tion of hemiclonal eggs with sperm of the paternal species generates 
the perpetual occurrence of hybrid progeny. b Gynogenesis (clonal 
reproduction). This system also originates from a past hybridiza-
tion and subsequent triploidization event between genetically dif-
ferentiated ancestors (shown by green and yellow chromosomes). 
The resultant hybrids and (allo)triploids generate unreduced 2n and 
3n eggs, respectively, both of which develop naturally without any 
genetic contribution from sperm donors (shown by orange chromo-
somes), i.e., sperm-dependent parthenogenesis, gynogenesis. c Mei-
otic hybridogenesis. Triploid hybrids (two sets of green chromosomes 
and one set of yellow chromosomes) produce fertile recombinant hap-
loid eggs after regular meiosis between homologous (green) chromo-
somes after elimination of non-homologous (yellow) chromosomes. 
Haploid eggs produce diploid progeny by fertilization in the next gen-
eration

▸
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and confusing at present (Shimizu 2014). Taxonomic and 
nomenclature problems with Misgurnus loaches were 
also recognized in Russian Asia (Vasil’eva 2001). This 
is because genetic studies using classic allozyme elec-
trophoresis (Khan and Arai 2000), microsatellite geno-
types (Arias-Rodriguez et al. 2007), certain nuclear gene 
sequences (Yamada et al. 2015), characteristics of repeti-
tive DNA sequences (Fujimoto et al. 2017; Kuroda et al. 
2021a), and mitochondrial DNA haplotypes (Morishima 
et  al. 2008a) revealed the presence of the genetically 
diverse groups A and B and the further differentiation of 
group B into B1 and B2 (Fig. 3). Other research groups 
also obtained the same results: the presence of three genet-
ically independent groups in Japan (Koizumi et al. 2009). 
The genetic distance between these groups is almost 
equivalent to the inter-specific level (Morishima et al. 
2008a; Koizumi et al. 2009). Recent molecular cytoge-
netic analyses using repetitive sequences as fluorescence 
in situ hybridization (FISH) probes clearly distinguished 
the chromosomes between groups A and B (Kuroda et al. 
2018, 2021b). Thus, the Japanese population of dojo loach 
is most likely a species complex that includes some inde-
pendent groups with diversification equivalent to inter-
specific distances. In Japanese natural populations, group 
A is specific to the east part of Hokkaido and the Notojima 
District, Ishikawa Prefecture, Honshu, while most wild-
type diploid individuals belonging to the indigenous group 
B1 are distributed in the central and south parts of Hok-
kaido, the northeast and west parts of Honshu, and Shi-
koku (Morishima et al. 2008a) (Fig. 3). Group B2 loaches 
have been shown to be distributed mainly in the central 
parts of Honshu and Kyushu (Morishima et al. 2008a) 
(Fig. 3).

Molecular studies on the complete mitochondrial 
genome showed that group A is phylogenetically close 
to M. mohoity and M. nikolskyi, while being genetically 
distant from group B1, which is close to M. bipartitus 
(Shibata et al. 2020). However, M. bipartitus is consid-
ered as a synonym of M. mohoity (Perdices et al. 2012), 
and thus the species identification and nomenclature of 
samples used for sequence data are unreliable. Thus, the 
relationship between group B1 and M. mohoity and/or M. 
bipartitus needs to be re-examined in the near future by 
integrating precise taxonomical identification, nomencla-
ture, and molecular phylogeny data. On the other hand, 
mtDNA haplotypes of group B2 were the same or close 
to those of loaches in China, and thus B2 is inferred to be 
exotic in origin (Morishima et al. 2008a; Li et al. 2017). 
The group A loach is most likely an independent entity 
because Shedko and Vasil’eva (2022) described a new 
species of Misgurnus loaches from the south of Sakhalin 
Island, M. chipisaniensis, comprising mitochondrial cyt b, 
Rag I gene, and IRBP gene sequences—the gene sequences 

described in the Japanese group A (Yamada et al. 2015; 
Shibata et al. 2020). Shedko and Vasil’eva (2022) also 
revealed a close relation between M. chipisaniensis and M. 
nikolskyi (Fig. 3), and the presence of two clades in group 
B of M. anguillicaudatus. Thus, taxonomical studies are 
required to conclusively establish a relationship between 
the new species M. chipinsaniensis and the Japanese group 
A loach. A recently published illustrated book on Japanese 
freshwater fishes uses a new Japanese name, “Kitadojo,” 
and the English name “northern weather loach” for the 
group A dojo loach (Fujita 2019).

In Japanese wild populations, most dojo loach speci-
mens in groups A, B1, and B2 show diploidy, with 2n = 50 
chromosomes categorized into 10 metacentric (m), 4 sub-
metacentric (sm), and 36 telocentric (t) chromosomes and 
no morphologically distinct sex chromosomes (Ojima and 
Takai 1979; Arai et al. 1991a; Itono et al. 2006). However, in 
the market samples, tetraploid (4n = 100, 20m + 8sm + 72t) 
and triploid (3n = 75, 15m + 6sm + 54t) specimens have 
often been recognized (Arai et al. 1991a); other unusual 
polyploids, such as hyper-tetraploid, hyper-triploid, penta-
ploid-range, hexaploid-range, heptaploid-range, and mosaic 
individuals, were also infrequently detected by flow cytom-
etry (Zhao et al. 2012a). Unusual aneuploid or hyper-diploid 
specimens with supernumerary B chromosomes were also 
reported (Zhang and Arai 2003). Although polyploid dojo 
specimens, mainly triploid and tetraploid, have often been 
found in market samples (Fig. 3), natural polyploids are 
scarce, and most wild-type individuals are diploids (2n = 50) 
in Japanese wild populations (Ojima and Takai 1979; Zhang 
and Arai 1999a; Arai 2003; Arai and Fujimoto 2013). Later, 
based on genetic results, these polyploids were strongly 
suggested to be exotic fishes (Fig. 3) because the diploid-
tetraploid complex is present in the Chang Jiang River 
basin, China (Li et al. 1983, 2008, 2010, 2012, 2017). As 
described later in the section “Natural tetraploids—cytoge-
netic and experimental evidence of genetic autotetraploidy,” 
M. anguillicaudatus with 100 chromosomes was concluded 
to be a true tetraploid.

The fish population in Hirokami, Niigata Prefecture, Hon-
shu Island, has relatively high frequencies (2.0–15.8%) of 
natural triploid specimens (Zhang and Arai 1999a). A spe-
cial diploid individual was reported to lay both fertile hap-
loid and diploid eggs simultaneously, and therefore triploidy 
may have arisen by cross-breeding between such a special 
diploid female and a wild-type diploid male in Hirokami 
(Zhang and Arai 1999a). In the east part of Hokkaido Island, 
high frequencies of natural triploids (4.3–21.3%) were 
recorded, along with spontaneous diploid clonal lineages 
which reproduce gynogenetically, as described in detail in 
a later section (Morishima et al. 2002). The clonal diploid 
loach lays unreduced diploid eggs, and these isogenic eggs 
develop by gynogenesis without any genetic contribution 
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of sperm from sympatric wild-type gonochoristic males 
(Morishima et al. 2002). Sympatric natural triploids are 
concluded to arise from the diploid clonal eggs by acciden-
tal incorporation of sperm nuclei (Morishima et al. 2002). 
A similar occurrence of natural triploids was also detected 
in the population of Notojima Island, Nanao City, Ishikawa 
Prefecture, Japan (Morishima et al. 2008a). The clonal loach 
is considered to originate in past hybrid events between the 
ancestors of group A females and those of group B1 males 
(Fig. 3), as discussed later (in the section “Clonal lineage 
and its hybrid origin”).

The dojo loach M. anguillicaudatus and the related spe-
cies M. nikolskyi and M. mohoity have a diploid chromo-
some number of 2n = 50 (Arai et al. 1991a; Itono et al. 2006; 
Vasil’ev and Vasil’eva 2008), but the bisexually reproducing 
tetraploid M. anguillicaudatus with 4n = 100 and putative 
inter-ploidy triploids with 3n = 75 exist in China (Li et al. 
1983, 2008, 2010, 2012, 2013) (Fig. 3). European weath-
erfish M. fossilis shows 2n = 100 chromosomes (Neyfakh 

1964; Timofeeva and Kaviani 1964; Ene and Radu 2000), 
but this loach is not tetraploid but diploid, as mentioned 
later in the section “Natural tetraploids—cytogenetic and 
experimental evidence of genetic autotetraploidy.” An exotic 
species, mud loach M. mizolepis, has been detected in a wide 
range of wild populations in Japan (Shimizu 2014). Mud 
loach M. mizolepis was considered synonymous with the 
large-scale loach Paramisgurnus dabryanus or M. dabry-
anus (Vasil’ev and Vasil’eva 2008; Perdices et al. 2012; 
Shedko and Vasil’eva 2022), but recent genetic studies dis-
closed the apparent presence of two genetically diverse types 
of exotic loaches, and thus it is difficult to label all the exotic 
loach specimens as P. dabryanus (Shimizu 2014). Both M. 
mizolepis and P. dabryanus showed 2n = 48 chromosomes 
(Li et al. 1983; Ueno et al. 1985), which were karyologi-
cally distinguishable from the 2n = 50 chromosomes of M. 
anguillicaudatus (Fig. 3). Such non-native exotic species 
issues make the taxonomical status of the dojo loach and 
its related species much more complicated. The complexity 

Fig. 3  An overview of the taxonomical and phylogenetic relation-
ships among Misgurnus loaches, including M. fossilis, M. mizolepis, 
M. dabryanus, M. nikolskyi, M. chipisaniensis, M. bipartitus, M. 
mohoity, and three groups (A, B1, and B2) of M. anguillicauda-
tus, with brief descriptions of their cytogenetics and distributions in 
Japan and adjacent countries. Lengths in the phylogenetic tree do not 

reflect real genetic distances between clades. Relationships shown 
by solid lines (concluded) and dotted lines (estimated) are based on 
Morishima et  al. (2008a), Perdices et  al. (2012), and Shedko and 
Vasil’eva (2022). Red arrows indicate the transportation of exotic 
loaches from China to Japan. See main text for more details
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of the situation also makes the conservation of indigenous 
biodiversity difficult.

Hybridization

Inter‑familial hybrids

Distant inter-familial hybridization was carried out between 
female dojo loach (the family Cobitidae) and male goldfish 
Carassius auratus, minnow Gnathopogon elongatus elon-
gatus, or common carp Cyprinus carpio (family Cyprinidae) 
(Kijima et al. 1996a, b). These inter-familial hybrids were pro-
duced by successful hetero-specific fertilization, but no prog-
eny survived beyond the larval stage due to the expression of 
various abnormalities during embryogenesis. In salmonids, the 
inviable embryogenesis of some hybrids could be explained by 
aneuploidies due to the elimination of chromosomes during 
early development (Arai 1984; Fujiwara et al. 1997). Similar 
elimination of chromosomes was also observed in the medaka 
hybrids in which all paternally derived chromosomes were 
eliminated until the haploid status was obtained (Sakai et al. 
2007). However, inter-familial hybrids between the female 
dojo loach and the male goldfish, minnow, or carp showed 
intermediate chromosome numbers and karyotypes between 
parental species (Kijima et al. 1996a, b). In these inviable 
hybrids, chromosome losses did not occur during embryogen-
esis, and therefore they are considered true allodiploid hybrids 
with chromosomes from two parental species. Aberrant gene 
expression patterns may be reasoned to be the cause of abnor-
mal embryogenesis in inviable salmonid hybrids without 
chromosome losses (Arai 1984). However, the molecular and 
cellular mechanisms responsible for abnormal development 
in inviable hybrids have not been examined thoroughly so far, 
and further studies are required in the future.

In certain salmonid hybrids, an increase in maternally 
derived chromosome set(s) obtained by allotriploidiza-
tion resulted in a drastic recovery in abnormal embryonic 
development, and the resultant viable allotriploids showed a 
normal appearance, hatched successfully, and grew to adult 
stages (Arai 1984, 1986, 1988, 2002; Fujiwara et al. 1997; 
Piferrer et al. 2009; Arai and Fujimoto 2019). A similar 
morphogenic recovery was also observed in the allotriploid 
hybrids of female dojo loach × male goldfish, minnow, or 
carp. The external appearance of these allotriploid hybrids 
was much better than that of the allodiploid hybrids (Kijima 
et al. 1996a, b). Similar phenomena were also observed in 
allopentaploid inter-familial hybrids between natural tetra-
ploid female dojo loach or spinous loach Cobitis biwae and 
male carp (Kijima et al. 1996b). However, all inter-familial 
loach hybrids died before the adult stage.

Inter‑generic hybrids

Classic hybridization studies reported that inter-generic 
cross-breeding between Misgurnus dojo loach and Cobitis 
spinous loach resulted in inviable progeny (Minamori 1953). 
In contrast, when we conducted reciprocal inter-generic 
hybridizations between dojo loach and spinous loach, all 
the resultant progeny hatched larvae at more than 90% of the 
normal rates and grew to adult size (Kusunoki et al. 1994a). 
In spinous loach C. biwae, there were two local races, large 
tetraploid (4n = 96, 32m + 44sm, subtelocentric (st) + 20 
acrocentric (a)) and small diploid (2n = 48, 16m + 22sm, 
st + 10a), but the inter-generic hybrids produced were suffi-
ciently viable (Kusunoki et al. 1994a). All the resultant inter-
generic hybrids between the dojo loach and spinous loach 
were true hybrids because they showed karyotypes inter-
mediate between the two parental species (Kusunoki et al. 
1994a). This conclusion was also supported by allozyme 
genotypes (Arai et al. 1994).

Inter‑specific hybrids

Artificial hybrids between the dojo loach and mud loach 
were viable and males fertile, as suggested by Korean 
scientists on histological grounds (Park et al. 2006). Fuji-
moto et al. (2008) also produced viable diploid and triploid 
hybrids between female dojo loach and male mud loach. 
Triploid hybrids, i.e., allotriploids, were produced by inhib-
iting the second polar body release (Fig. 1b), and their steril-
ity has been reported previously (Nam et al. 2004).

Among the diploid hybrids between female dojo loach 
and male mud loach, different ploidy statuses were seen in 
the sperm. Some hybrids showed a predominance of haploid 
and tetraploid sperm cells, while others comprised exclu-
sively of tetraploid sperm cells (Table 1). Tetraploid sperm 
cells seemed to be arrested at the replication stage without 
entering meiotic divisions, as previously reported in inter-
specific medaka hybrids (Hamaguchi and Sakaizumi 1992; 
Shimizu et al. 1997). As summarized in Table 1, tetraploid 
spermatozoa which exhibited low motility had heads larger 
(length 2.83 μm, width 2.80 μm) than those of the control 
diploids (length 1.80 μm, width 1.80 μm) (Fujimoto et al. 
2008; Zhao et al. 2016). Some of them had no flagellum 
(36%), while others were bi-flagellate (17%) (Zhao et al. 
2016). The length of the flagellum of tetraploid spermato-
zoa (12.5 μm) was much shorter than that of control diploids 
(23.9 μm). ATP contents of hybrids were significantly higher 
than those of control diploids. Numbers of mitochondria per 
spermatozoon in the hybrids showed a wider range (4–19) 
than those in the control diploids (7–14). As described by 
Zhao et al. (2016), flow cytometry revealed a larger total 
volume of mitochondrial mass in the hybrids than in the 
control. The shorter flagellum and larger sperm head may 



544 Fisheries Science (2023) 89:537–570

1 3

have caused the decrease in motility and subsequent survival 
rates of the progeny due to the failure of fertilization. High 
energy-related factors such as ATP content and the larger 
numbers and volume of mitochondria could not compensate 
for the low motility of the tetraploid spermatozoa of hybrids.

Sperms of male hybrids backcrossed with dojo loach 
did not result in larvae in most cases, but some crosses 
gave viable larvae at very low rates (1.0–2.2%) (Fujimoto 
et al. 2008). Microsatellite genotyping in these progeny 
indicated that haploid spermatozoa were produced in the 
diploid hybrid by regular meiotic divisions, as in the wild-
type diploids, and both dojo-loach-derived and mud-loach-
derived alleles were segregated (Fujimoto et al. 2008). The 
difference in karyotype between the dojo loach (2n = 50, 
10m + 4sm + 36t) and mud loach (2n = 48, 12m + 4sm + 32t) 
could be explained by Robertsonian translocation, and thus 
balanced chromosomes might successfully proceed to mei-
otic divisions and subsequent regular spermatogenesis. At 
present, the mechanisms for the production of a small quan-
tity of fertile haploid and diploid spermatozoa have not been 
elucidated.

Inter‑populational hybrids

As described in the previous section, dojo loach show the 
presence of the genetically divergent groups A, B1, and 
B2. Before successful genetic identification, hybridization 
between female dojo loach from group A from a dominant 
locality (formerly Memanbetsu town, presently Ozora town, 
Abashiri district, Hokkaido) and male dojo loach from group 
B1 from another dominant locality (formerly Kita village, 
presently Iwamizawa city, Hokkaido) had been carried out 
in 2004, and about 50% of the fertilized eggs had hatched 
(Arias-Rodriguez et al. 2009).

The eggs of these inter-populational hybrids were back-
crossed with putative group A males, hybridized with 
goldfish males, and gynogenetically induced with UV-
irradiated sperm, and the ploidy status and microsatellite 
genotypes were examined in the resultant progeny (Arias-
Rodriguez et al. 2009). In the inter-populational hybrid 
females, oogenesis could be categorized into two cases: (1) 
the production of unreduced isogenic diploid eggs which 
incorporate sperm to produce triploid progeny and (2) the 
simultaneous production of a large number of meiotic hap-
loid (63–96%) and a small number of diploid eggs which 
also incorporate sperm. Both cases had a rate of approxi-
mately 50% in the female hybrid individuals. In the second 
case, some females produced isogenic unreduced eggs, but 
others did not. Isogenic eggs are presumably produced by 
premeiotic endomitosis, as discussed later in the section 
“Cytogenetic mechanisms for triploid and haploid egg 
formation,” but mechanisms for the production of non-
isogenic diploid eggs have not been identified. Together 

with the haploid and/or diploid eggs, some females laid a 
few tetraploid and other higher-polyploid eggs with hexa-
ploid and heptaploid ranges (Arias-Rodriguez et al. 2009). 
Thus, inter-populational hybrid females showed atypical 
oogenesis, such as unreduced egg formation and simulta-
neous generation of both haploid and diploid eggs.

In contrast, inter-populational hybrid males produced 
fewer sperms of low motility (0–20%) and with morpho-
logical abnormalities such as no flagellum or multi-fla-
gella (Arias-Rodriguez et al. 2010). Thus, such a hybrid 
male was considered gametically sterile. As summarized 
in Table 1, flow cytometry revealed the presence of hap-
loid, diploid, and tetraploid cell populations and larger 
sperm head sizes in the hybrids (2.90 μm) as compared to 
the wild-type diploids (1.80 μm) (Arias-Rodriguez et al. 
2010).

Fertilization experiments with hybrid sperms resulted 
in zero or extremely low (4.5% at best) survival rates of 
the resultant progeny, and few diploid and triploid progeny 
occurred in the backcross, suggesting the simultaneous 
production of haploid and diploid spermatozoa. Micros-
atellite genotyping of a few progeny revealed that haploid 
spermatozoa are generated by regular meiosis, and the dip-
loid spermatozoa, since they had two alleles of hybrids, 
were presumably unreduced genotypes (Arias-Rodriguez 
et al. 2010).

Meiotic configurations were carefully analyzed in simi-
lar inter-populational hybrids between female group B1 
and male group A dojo loach (Kuroda et al. 2019). In the 
wild-type dojo loach spermatocytes (2n = 50), 25 bivalents 
are normally observed. In these hybrids, synapses were 
seen between group A and group B1 chromosomes, and an 
average number of bivalents ± standard deviation (SD) of 
21.8 ± 1.6 were observed by FISH using the group-B-specific 
repetitive sequences Man-Dra B. An average of 3.2 ± 1.6 
univalents exclusively with group A chromosomes and 
3.2 ± 1.6 univalents with group B1 chromosomes were also 
observed together with the bivalents (Kuroda et al. 2019). 
Thus, approximately 22 chromosomes in each group could 
pair to form inter-group bivalents, while approximately 
three chromosomes in each group could not find any coun-
terpart to form a bivalent and, therefore, formed univalents 
(Table 2). In these meiotic configurations, the formation of 
aneuploid spermatozoa or the arrest of spermatogenesis is 
predicted, but a very small quantity of haploid and diploid 
spermatozoa was recorded by Arias-Rodriguez et al. (2010).

Inter‑ploidy diploid hybrids

Chinese-origin natural tetraploid loach is genetically 
different from Japanese diploid dojo loach (Morishima 
et al. 2008a; Arai and Fujimoto 2013; Li et al. 2017). 
The Chinese tetraploid loach has 4n = 100 chromosomes 
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categorized into four groups, as explained later in the 
“Autotetraploidy” section.

Although hybridization between tetraploid and dip-
loid dojo loach produces triploid hybrids (Fig. 4c, e), the 
reproduction of any real diploid hybrid (allodiploid) with 
one set of chromosomes from a tetraploid and another set 
from a diploid has been difficult to investigate. Zhang et al. 
(2002) artificially induced a viable diploid individual from 
diploid eggs of a bisexually reproducing natural tetraploid 
female by artificial gynogenesis with UV-irradiated sperm 
(Fig. 4g). Then, cross-breeding between this tetraploid-
origin gynogenetic diploid female and a wild-type dip-
loid male was conducted to produce allodiploid hybrids 
comprising one set of 25 chromosomes from the natural 
tetraploid and another set of 25 chromosomes from the 
wild-type diploid (Fig. 4i). Such hybrids are considered 
inter-populational or inter-ploidy allodiploid hybrids 
between tetraploids and diploids.

A majority (76%) of the oocytes from such inter-ploidy 
allodiploid hybrids showed the regular 25 bivalents, as in 
the wild-type diploid, but 16% comprised a few univalents, 
and the remaining 8% exhibited about 50 bivalents, indi-
cating the presence of a chromosome duplication event 
before entering meiosis (Zhang et al. 2002) (Table 2). 
These meiotic configurations suggest the formation of both 
regular haploid and unreduced diploid eggs, along with a 
few aneuploid eggs, but the actual reproduction results 
have not been examined so far. In the testes, however, only 
a few spermatocytes (6%) showed the regular 25 bivalents, 
whereas 86% contained various numbers of univalents 
and the remaining 8% showed 50 bivalents (Zhang et al. 
2002) (Table 2). No peaks of spermatozoa were identi-
fied flow cytometrically in the testes (Zhang et al. 2002). 
Thus, there was little possibility of the successful forma-
tion of haploid or diploid sperms, but the high rates of 
meiotic cells, including univalents, should result in the 
formation of aneuploid spermatozoa. A rate of spermato-
cytes with the regular 25 bivalents was much lower than 
that of oocytes with 25 bivalents (Zhang et al. 2002). The 
difference in the rates of meiotic germ cells with regular 
bivalents between the sexes cannot be explained at present, 
but females showed a high possibility of producing normal 
or near-normal haploid eggs. Although both female and 
male allodiploid hybrids showed the possibility of form-
ing a small number of unreduced gametes, the reproduc-
tive modes of these hybrids have unfortunately not been 
examined so far.

Autotetraploidy

Induced tetraploids

Tetraploids can theoretically be induced by inhibiting early 
cleavage after normal fertilization (Fig. 1c), but induction 
is very difficult in reality due to an extremely low sur-
vival capacity (Arai 2000, 2001, 2002; Piferrer et al. 2009; 
Arai and Fujimoto 2013, 2019). Survival rates are poor 
due to the side effects of manipulation, which may cause 
unusual cell division without nuclear division (anuclear 
division), mosaicism comprising anuclear cells, and ane-
uploid macro- and micro-meres in the course of cleavage 
(Sakao et al. 2003). An abnormal vascular system causing 
edema was observed frequently, even in the larval stage 
after hatching (Sakao et al. 2006). Therefore, it is gener-
ally very difficult to obtain healthy adult tetraploids. How-
ever, once a fertile tetraploid family has been established, 
mature induced tetraploids are expected to generate dip-
loid gametes, and then it is easy to produce a triploid fam-
ily by cross-breeding between tetraploids and diploids. It 
is also easy to extend ploidy manipulation towards higher 
polyploid production by inhibiting polar body release after 
inter-ploidy hybridization (Arai 2000, 2001; Arai and Fuji-
moto 2013, 2019). In dojo loach, a few tetraploid progeny 
were successfully induced, but survivors (one tetraploid 
male and one diploid-tetraploid mosaic male) produced 
unexpected haploid sperm (Fujimoto et al. 2013), as previ-
ously reported in other fish species, including the closely 
related mud loach (Nam and Kim 2004).

Natural tetraploids—cytogenetic and experimental 
evidence of genetic autotetraploidy

Natural tetraploid dojo loach with 100 chromosomes have 
often been found among market samples, together with dip-
loids and other polyploids (Arai et al. 1991a; Zhao et al. 
2012a). They are likely to be exotic fish, Chinese in origin, 
because the diploid-tetraploid complex appears in the Chang 
Jiang River basin, China (Li et al. 2008, 2010, 2017), and 
also because such tetraploids have not been identified so far 
in wild populations in Japan, even after intensive screening 
trials (Zhang and Arai 1999a; Arai 2003; Arai and Fujimoto 
2013).

Cytogenetic observation using conventional Giemsa 
staining revealed that natural tetraploids had four sets of 
homologous chromosomes (4n = 100, 20m + 8sm + 72t) 
(Arai et al. 1991a; Li et al. 2010). Diploid loach (2n = 50, 
10m + 4sm + 36t) has two homologous chromosomes with 
rDNA sites detected by FISH signals, positive AG (silver 
stained)-NOR (nucleolus organizer regions), and  CMA3 
(chromomycin  A3)/DA (distamycin A) differential staining, 
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whereas tetraploids exhibited four chromosomes with rDNA 
sites (Li et al. 2010). These results showed that natural tetra-
ploids have four sets of homologous chromosomes, i.e., they 
are autotetraploid.

In the case of diploid biotypes (2n = 50), UV-induced 
gynogenetic and androgenetic embryos developing from 
gametes of diploids could not survive due to the expression 
of abnormalities, which is referred to as haploid syndrome 
(Arai et al. 1991b, 1993, 1995) (Fig. 1d, g). This result 
strongly suggested that the diploid biotypes have two sets 
of homologous chromosomes, i.e., they are diploid. The 
European weather fish M. fossilis has 100 chromosomes, 
but gynogenetically induced progeny were inviable (Ney-
fakh 1964; Romashov and Belyaeva 1964). Thus, this spe-
cies is no longer a genetic tetraploid fish (4n = 100), but a 
diploid (2n = 100) with two sets of homologous chromo-
somes. Similarly, common carp are generally considered 
tetraploid in origin with 100 chromosomes or chromosome 
arms, which is twice the number of other cyprinid species 
with 2n = 50, but their induced gynogenetic and androge-
netic progeny were inviable because of haploid syndrome 
(Komen and Thorgaard 2007). Thus, these fish species are 
considered evolutionary tetraploids but genetically true dip-
loids (2n = 100). Salmonid fishes of evolutionary tetraploid 
origin are also genetic diploids and thus their induced gyno-
genetic progeny are no longer viable due to the abnormal 

Fig. 4  Hybridization and chromosome manipulation using mature 
eggs (at the metaphase of second meiosis) and sperm of autotetra-
ploid and diploid wild-type dojo loach. Chromosomes with different 
colors originate from different biotypes/genetic groups (blue: exotic 
autotetraploids, red: wild-type diploids). a Autotetraploid induc-
tion by cross-breeding between a tetraploid female and a tetraploid 
male (4n × 4n). b Autohexaploid induction by the inhibition of sec-
ond polar body release (PBI) after 4n × 4n cross-breeding (4n × 4n/
PBI). c Allotriploid induction by hybridization between a tetraploid 
female and a diploid male (4n × 2n). d Allopentaploid induction by 
PBI after 4n × 2n cross-breeding (4n × 2n/PBI). e Allotriploid induc-
tion by hybridization between a diploid female and a tetraploid 
male (2n × 4n). f Allotetraploid (neo-tetraploid) induction by PBI 
after 2n × 4n cross-breeding (2n × 4n/PBI). g Gynogenetic diploid 
induction by the fertilization of eggs of a tetraploid with UV-irradi-
ated sperm (4n × UV). Note the viability of the 4n × UV progeny as 
compared to the 2n × UV progeny in Fig.  1d. h Androgenetic dip-
loid induction by the fertilization of UV-irradiated eggs with sperm 
of tetraploids (UV × 4n). Note the viability of the UV × 4n progeny 
as compared to the UV × 2n progeny in Fig.  1g. i Inter-ploidy dip-
loid hybrid (allodiploid) induction by the fertilization of haploid 
eggs laid by the gynogenetic diploid induced from eggs of tetra-
ploids (4n × UV) with sperm of wild-type diploids ((4n × UV) × 2n). 
j Autotriploid (comprising three sets of chromosomes of autotetra-
ploid) induction by PBI after the fertilization of haploid eggs laid by 
the gynogenetic diploids induced from eggs of tetraploids (4n × UV) 
with sperm of autotetraploids ((4n × UV) ×  4n). 2  PB second polar 
body, UV genetic inactivation of gametic nucleus by UV irradiation, 
open arrow timing of inhibition of 2 PB release (PBI)

▸
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development caused by haploidy (Onozato 1982; Onozato 
and Yamaha 1983). On the contrary, when gynogenetic and 
androgenetic progeny were artificially induced from gam-
etes of natural tetraploid loach with 100 chromosomes, the 
resultant progeny with 50 chromosomes were viable and 
showed a normal external appearance (Arai et al. 1991b, 
1992, 1993, 1995) (Fig. 4g, h). These results indicate that 
the dojo loach with 100 chromosomes are not evolution-
ary diploids (2n = 100), but genetically true tetraploids 
with four sets of homologous chromosomes (4n = 100). A 
similar approach using induced gynogenesis revealed that 
a large race of spinous loach with 98 chromosomes was a 
genetic tetraploid with four sets of homologous chromo-
somes (Kusunoki et al. 1994b).

Characteristics of fertile diploid gametes 
of autotetraploids

Natural tetraploid dojo loach are gonochoristic and repro-
duce bisexually (Arai et al. 1991b, 1993, 1995; Matsub-
ara et al. 1995; Zhang and Arai 1996; Arai 2003; Arai and 
Fujimoto 2013) with a female:male sex ratio of about 1: 1 
(Arai et al. 1999; Arai 2003; Li et al. 2012; Arai and Fuji-
moto 2013; Zhao et al. 2014). They produce fertile gametes 
and can thus be used for intra- or inter-ploidy hybridization 
with diploid biotypes as well as for ploidy manipulation 
after hybridization (Arai et al. 1991b, 1993, 1995, 1999; 
Matsubara et al. 1995; Zhang and Arai 1996; Li et al. 2012; 
Arai and Fujimoto 2013; Zhao et al. 2014) (Fig. 4a–f). 
The diameters of fertile diploid eggs of natural tetraploids 
were larger (1.2–1.4 mm) than those of the control dip-
loids (1.0–1.2 mm) (Arai et al. 1999). In the Chinese dip-
loid–tetraploid complex, tetraploids laid eggs with diameters 
larger (1.0 mm) than those of control diploids (0.8 mm) (Li 
et al. 2012). In sperms and testes, the ploidy status of the 
major cell population was diploid spermatozoa, and the con-
centration and motility of such diploid spermatozoa were 
similar to or higher than those of the controls (Table 1), 
indicating fertility equivalent to haploid spermatozoa of the 
control diploids. The morphological structure of the diploid 
spermatozoa was essentially similar to that of the haploid 
spermatozoa of the control diploids. However, as seen in 
Table 1, head sizes of diploid spermatozoa of natural tetra-
ploids (length 2.25 μm, width 2.24 μm) were larger than 
those of haploid spermatozoa of the control diploids (length 
1.81 μm, width 1.80 μm). The flagellar length of the sperm 
in tetraploids (30.4 μm) was longer than that of the control 
(24.2 μm). The average number of mitochondria per sper-
matozoon (18.2) in natural tetraploids was higher than that 
in the control diploids (10.4). The volume of mitochondrial 
mass was also larger than that in the control (Zhao et al. 
2014). The ATP contents of diploid spermatozoa were much 
higher than those of the haploid spermatozoa of the control. 

Higher energy, inferred from the higher numbers and larger 
volume of mitochondria, and the high ATP content presum-
ably ensured that the diploid spermatozoa of tetraploids 
with larger head sizes had normal motility. The longer fla-
gellum also supported stable motility to propel the diploid 
spermatozoa.

Meiosis with several quadrivalents and many 
bivalents

Autotetraploid fish are predicted to show a meiotic configu-
ration that exclusively comprises quadrivalents, because the 
four homologous chromosomes are expected to form a quar-
tet due to their high affinity. Such meiotic figures comprised 
exclusively of quadrivalents were reported in tetraploid frog 
species (Beçak et al. 1966). Thus, a meiotic configuration 
including only quadrivalents was expected in natural tetra-
ploid dojo loach. In the spermatocyte metaphase and the 
germinal vesicles of the mature oocytes of the wild-type 
diploid loach, 25 bivalents were detected (Li et al. 2011) 
(Table 2). However, in the natural tetraploid loach, an unex-
pected configuration comprising a few quadrivalents and 
a relatively large number of bivalents was observed (Li 
et al. 2011) (Table 2). The most frequent meiotic configu-
ration was 4 quadrivalents + 42 bivalents in spermatocytes 
and 3 quadrivalents and 44 bivalents in oocytes, together 
with various other kinds of configurations (Li et al. 2011) 
(Table 2). Although the duplication of chromosomes from 
diploidy (2n = 50) to tetraploidy (4n = 100) should give rise 
to a quadrivalent meiotic configuration only due to the high 
affinity among the four homologous chromosomes, many 
bivalents also appeared in the actual meiosis of tetraploid 
loach (Table 2). Such bivalent-rich configurations in the 
meiosis of the tetraploid loach can be explained by rapid 
pairwise diversification soon after chromosome duplica-
tion. Quadrivalents are likely unstable for regular meiotic 
divisions and thus the tetraploid biotype may have taken a 
stable configuration genetically as well as cytogenetically 
by decreasing quadrivalents and increasing bivalents in the 
process of meiosis. As diploid and tetraploid loach were 
reported to share very similar or identical mtDNA haplo-
types (Morishima et al. 2008a; Li et al. 2017), tetraploids 
were considered to have arisen recently by genome duplica-
tion, but the meiotic configuration may have changed rapidly 
from unstable to stable.

Neo‑tetraploidy as an allotetraploidy

As mentioned in the “Autotetraploid” section, it is gener-
ally difficult to induce a sufficient number of healthy tetra-
ploid fishes and to maintain tetraploid strains. Similarly, 
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allotetraploid fish are also difficult to produce (Arai 2000, 
2001; Piferrer et al. 2009; Arai and Fujimoto 2013, 2019). 
As natural tetraploid biotypes are another source of diploid 
gametes in dojo loach, a “neo-tetraploid” strain can be pro-
duced by fertilizing haploid eggs of wild-type diploids with 
diploid sperm of natural tetraploids, followed by chromo-
some manipulation to inhibit the second polar body release 
(Fujimoto et al. 2010b) (Fig. 4f). Wild-type diploids from 
Japan are genetically different from the natural tetraploids 
present in the Chang Jiang River system, China (Morishima 
et al. 2008a; Li et al. 2017). Therefore, the neo-tetraploid 
strain is considered a kind of allotetraploidy comprising two 
sets of homologous chromosomes from Japanese wild-type 
diploids and the other two sets from Chinese tetraploid loach 
(Fig. 4f).

Out of 15 3-year-old neo-tetraploids, eight were males 
and the sexes of the other seven were not known (Fujimoto 
et al. 2010b). As summarized in Table 1, the spermatozoa 
of neo-tetraploids were exclusively diploid. Their concen-
tration was lower than that of the haploid spermatozoa of 
the control diploids, but motility was similar to that of the 
control diploids. The size of the head of the diploid sperma-
tozoa of neo-tetraploids (length 2.24 μm, width 2.24 μm) 
was larger than those of the haploid spermatozoa (length 
1.82 μm, width 1.81 μm). The flagellum was also longer in 
the spermatozoa of the neo-tetraploids (30.83 μm) than in 
the control diploids (23.85 μm). The head size and flagellum 
length of spermatozoa of the neo-tetraploids were similar 
to those of natural autotetraploids (Table 1). Higher ATP 
content (360.5 nmol/109 cells) and a larger number of mito-
chondria per cell (14–22) were recorded (Table 1). The total 
volume of the mitochondrial mass was reported to be larger 
than that in the control (Zhao et al. 2012b). These energy-
related factors and the longer flagellum length may explain 
the active motility of diploid spermatozoa with larger head 
sizes. These parameters were similar to those recorded in 
the diploid spermatozoa of natural autotetraploids (Table 1).

The diploid spermatozoa of neo-tetraploids and the eggs 
of wild-type diploids were crossbred to produce triploids 
as second-generation progeny. Second-generation androge-
netic diploids were also produced by fertilizing UV-irradi-
ated eggs of wild-type diploids with diploid spermatozoa of 
neo-tetraploids. The second generation of neo-tetraploids 
were induced by inhibiting the second polar body release 
after cross-breeding between wild-type diploid females and 
neo-tetraploid males.

The second-generation progeny of neo-tetraploids devi-
ated from the balanced 1:1 sex ratio and were sterile, except 
for a triploid female (Fujimoto et al. 2010b). The triploid 
progeny displayed a predominance of males (22 males:1 
female in one cross and 11 males:1 female in the other 
cross). All these triploid males produced small volumes 
of non-motile triploid or hexaploid sperms and were thus 

considered sterile. On the contrary, a triploid female laid 
fertile haploid eggs which developed into diploid progeny 
after fertilization with haploid spermatozoa of wild-type 
diploid males. Second-generation androgenetic diploids 
were all males and produced diploid progeny after fertiliza-
tion with wild-type haploid eggs. In the second-generation 
neo-tetraploids, there were no females and males produced a 
small quantity of non-motile sperm. In the testes, tetraploid 
and octaploid cell populations were considered the result of 
meiotic arrest at the replication stage.

The predominance of males in the second-generation prog-
eny of neo-tetraploids showed that the first-generation neo-
tetraploid males must have produced diploid spermatozoa 
exclusively with the male-determination gene or chromosome. 
However, there is no good explanation for the extremely biased 
sex ratio (Fujimoto et al. 2010b). The other possible explanation 
was sex reversal caused by environmental factors (Nomura et al. 
1998; Fujimoto et al. 2010b; Morishima et al. 2012). Further 
studies are required to determine the sex system in tetraploids.

Autohexaploidy

Cross-breeding using tetraploid pairs resulted in tetraploid 
families, and the inhibition of second polar body release 
after fertilization resulted in the production of hexaploid 
progeny (6n = 150) (Zhang and Arai 1996; Arai et al. 1999) 
(Fig. 4a, b). Hexaploid loach were viable and generated fer-
tile triploid eggs and sperm (Arai et al. 1999). Fertile triploid 
gametes of hexaploids were further evidence that dojo loach 
with 100 chromosomes were genetically tetraploid. Had 
dojo loach with 100 chromosomes been diploid (2n = 100), 
polar-body inhibition would have produced sterile triploids 
(3n = 150). However, all the loach with 150 chromosomes 
produced fertile triploid gametes. The results indicated that 
loach with 100 chromosomes were not diploid but tetraploid. 
Egg sizes of hexaploids (approximately 1.4 mm diameter) 
were larger than those of tetraploids (1.2–1.4 mm), which in 
turn were larger than those of diploids (1.0–1.2 mm). Both 
tetraploid and hexaploid biotypes presumably underwent the 
regular process of meiosis in gametogenesis (Table 2). The 
sex ratio of the hexaploid family was 11 females:10 males 
(Arai et al. 1999). Unfortunately, the meiotic configuration 
has not been observed and the characteristics of the triploid 
spermatozoa have not been examined.

Autotriploidy

Sterile oogenesis and spermatogenesis

Autotriploidy comprises three sets of conspecific homolo-
gous chromosomes. Such a genomic constitution can be 
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easily induced by inhibiting the second polar body release 
just after fertilization with physical treatments such as hydro-
static pressure or temperature (cold, heat) shocks (Fig. 1b). 
In dojo loach, artificial triploids had an egg nucleus (1n), 
a sperm nucleus (1n), and an additional second polar body 
nucleus (1n). Thus, these autotriploids had three sets of 
homologous chromosomes derived from the wild-type dip-
loid dojo loach.

Histologically sterile gonads have been reported in both 
female and male 1-year-old induced autotriploid dojo loach 
(Suzuki et al. 1985a). In ovaries of 1-year-old wild-type 
diploids that were full of vitellogenic oocytes, only a few 
yolk-laden oocytes were detected in the undeveloped ova-
ries, even in 6- or 7-year-old autotriploids (Zhang and Arai 
1999b). In contrast, same-age autotriploid males had almost 
the same-sized testes as diploids (Zhang and Arai 1999b). 
Those testes contained a small number of fertile but ane-
uploid spermatozoa with extremely low motility and various 
abnormalities (Fujimoto et al. 2008) (Table 1). Sperms of 
autotriploid males were aneuploidies with a mode of 1.3n, 
which generated 2.2–2.5n progeny and 3.0–3.7n progeny 
when backcrossed with diploid and tetraploid females, 
respectively (Zhang and Arai 1999b; Arai and Inamori 1999) 
(Table 2). Most progeny were morphologically abnormal and 
inviable, but a small number of hyper-diploid and hyper-trip-
loid progeny survived in diploid × triploid (female × male) 
and tetraploid × triploid crosses, respectively (Zhang and 
Arai 1999b; Arai and Inamori 1999). Thus, almost com-
plete sterility in females and aneuploid spermatogenesis in 
males were confirmed in autotriploids, including three sets 
of chromosomes derived from wild-type diploids.

Progeny of induced autotriploids often show putative B 
chromosomes as supernumerary chromosomes (Zhang and 
Arai 1999b; Arai and Inamori 1999). They are much smaller 
than the smallest chromosomes of the regular karyotype 
members, do not pair in meiosis, and show inter- and intra-
individual variations. Such B chromosomes were reported 
to occur not only in the progeny of autotriploids, but also in 
the natural population (Zhang and Arai 2003) and in market 
hyper-tetraploid specimens (Zhao et al. 2012a).

The other type of autotriploids, with three out of four 
sets of homologous chromosomes derived from natural 
tetraploids, were produced by cross-breeding between hap-
loid eggs of gynogenetic diploid progeny induced from 
eggs of tetraploid females and diploid sperm of tetraploid 
males (Zhang et al. 2002), as seen in Fig. 4g, j. In 6- to 
8-month-old autotriploids comprising three sets of natu-
ral tetraploids, the ovary was small and the oocytes did 
not differentiate beyond the pachytene stage, indicating 
gonadal sterility of females (Table 2). Their testes exhib-
ited triploid, hexaploid, and dodecaploid cell popula-
tions without the production of fertile spermatozoa. The 

presence of a relatively high peak of hexaploid-range 
sperm cells indicated the arrest of meiotic division at the 
replication phase before meiosis commenced (Table 2). 
This feature suggests gametic sterility in males. There 
was no essential difference in reproductive performance 
between autotriploids with three sets of chromosomes 
from wild-type diploids and those with three sets of chro-
mosomes from natural tetraploids.

Aberrant meiosis

Meiotic configurations with 25 bivalents and 25 univa-
lents were detected in the prophase and metaphase of 90% 
of the spermatocytes of both induced autotriploid males 
with three sets of chromosomes from wild-type diploids 
(Zhang and Arai 1999b) and those with three sets of chro-
mosomes from natural tetraploids (Zhang et  al. 2002) 
(Table 2). Although trivalents were previously predicted 
as the major meiotic configuration in induced autotriploid 
fishes (Piferrer et al. 2009), no such meiosis was observed 
in autotriploid dojo loach. However, 75 bivalents probably 
from duplicated germ cells were occasionally detected in 
both types of autotriploids (Zhang and Arai 1999b; Zhang 
et al. 2002), suggesting a very low possibility of producing 
unreduced triploid gametes.

In the spermatocytes of autotriploids, equal segrega-
tion of bivalents and random segregation of univalents 
are predicted to provide a theoretical formation of ane-
uploid spermatozoa with a mode of 1.5n. However, a shift 
towards the lower chromosome number was observed and 
the actual mode was detected at 1.3n among spermatozoa 
of autotriploids (Zhang and Arai 1999b). Selective produc-
tion of more hyper-haploid (1.1–1.5n) spermatozoa than 
hypo-diploid (1.6–1.9n) ones was observed (Zhang and 
Arai 1999b; Arai and Inamori 1999; Zhang et al. 2002).

Classic cytogenetic microscopy of pachytene-stage 
oocytes in autotriploids artificially induced from wild-type 
diploids revealed the presence of 25 densely stained thick 
and 25 lightly stained thin elements, which were likely 
to be bivalents and univalents, respectively (Zhang and 
Arai 1999b) (Table 2). In autotriploid females, 25 biva-
lents + 25 univalents were also observed in the oocytes of 
autotriploids with three sets of chromosomes from natural 
tetraploids (Zhang et al. 2002) (Table 2). Meiotic chromo-
somes were reported to become vague and then uncount-
able in the late pachytene stage (Zhang and Arai 1999b). 
The meiotic chromosomes became invisible and autotrip-
loid oocytes underwent a kind of degeneration; such an 
aberrant event after synapsis would lead to the arrest of 
oogenesis and ovarian development. Although the sterility 
of autotriploids was essentially caused by impaired synap-
sis among the three homologous chromosomes, the reason 
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why the same meiotic configurations in both oocytes and 
spermatocytes resulted in different gonadal development 
between females (degenerated oocytes and ovary) and 
males (aneuploid spermatozoa) has not been elucidated 
so far.

Allotriploidy

Inter‑specific allotriploids

Allotriploid (triploid hybrid) males from female dojo loach 
and male mud loach showed three different types of sper-
matozoa (Fujimoto et al. 2008): type 1, exclusively non-
motile and infertile hexaploid spermatozoa; type 2, the 
simultaneous presence of a small quantity of haploid and a 
large quantity of hexaploid spermatozoa; and type 3, only 
fertile haploid spermatozoa (Table 1). Only allotriploid 
males with type 3 spermatozoa produced viable progeny 
on backcrossing with female dojo loach because the con-
centration and motility of those spermatozoa were suf-
ficient. Although sterility was suggested for such allotrip-
loids by histological observation in previous studies (Park 
et al. 2006; Zhao et al. 2016), some allotriploid males 
apparently showed fertility (Fujimoto et al. 2008).

Surprisingly, microsatellite genotyping of backcrossed 
progeny revealed that such type 3 spermatozoa had only 
maternally derived dojo loach alleles (Fujimoto et  al. 
2008). These genetic results strongly suggest that some 
allotriploids differentiated into fertile haploid spermatozoa 
by meiotic hybridogenesis (Fig. 2c), i.e., meiosis might 
occur between two homologous chromosomes derived 
maternally from dojo loach, while unmatched chromo-
somes derived paternally from mud loach are presumably 
eliminated before maturation. However, the germ cell 
stage in which the elimination of paternal chromosomes 
takes place has not been identified so far, and the mecha-
nisms underlying chromosome elimination in inter-specific 
allotriploid loach are unknown.

Inter‑ploidy allotriploids

Reciprocal inter-ploidy hybridizations were carried out 
between wild-type diploid and natural tetraploid dojo 
loach to produce allotriploids comprising one set of chro-
mosomes from diploids and two sets of chromosomes 
from tetraploids (Matsubara et al. 1995; Zhang and Arai 
1996) (Fig. 4c, e). When a series of these hybridizations 
was conducted experimentally, the genetic relationship 
between diploid and tetraploid as well as that between 
Japanese and Chinese loach had not yet been clarified. 
Inter-ploidy allotriploid males were sterile without any 

functional spermatozoa, while females laid two types of 
fertile eggs: large (diameter 1.4 mm) and small (diam-
eter 1.1 mm) (Matsubara et al. 1995) (Table 2, Fig. 5). 
The proportions of large and small eggs differed among 
the individuals (Matsubara et al. 1995). Some exhibited 
a predominance of large eggs (100–70%), while others 
showed a predominance of small eggs (100–76%). When 
large eggs were fertilized with haploid spermatozoa of 
wild-type diploids and UV-irradiated spermatozoa, the 
progeny obtained were tetraploid and gynogenetic triploid, 
respectively (Matsubara et al. 1995; Zhang and Arai 1996) 
(Fig. 5a, c). When these progeny were subjected to inhibi-
tion of the second polar body release, ploidy status of the 
resultant progeny was heptaploid and hexaploid (Fig. 5b, 
d), respectively, except for a very small number of unpre-
dicted polyploids (Matsubara et al. 1995; Zhang and Arai 
1996). When small eggs were fertilized with haploid sper-
matozoa and UV-irradiated spermatozoa, the progeny were 
diploid and gynogenetic haploid, respectively (Matsubara 
et al. 1995; Zhang and Arai 1996) (Fig. 5e, g). When these 
progeny were subjected to inhibition of the second polar 
body release, the ploidy status of the resultant progeny was 
triploid and diploid, respectively (Matsubara et al. 1995; 
Zhang and Arai 1996) (Fig. 5f, h). In light of these results, 
most large eggs had a triploid egg nucleus and a triploid 
second polar body nucleus, while the small eggs had a 
haploid egg nucleus and a haploid polar body nucleus. 
Besides the triploid polar body nucleus of large triploid 
eggs, the possible involvement of haploid and diploid 
polar bodies in the production of progeny was also sug-
gested because tetraploid and pentaploid progeny arose 
occasionally after the inhibition of the second polar body 
release in the induced gynogenesis of large triploid eggs 
(Matsubara et al. 1995). In gynogenetic allotriploid prog-
eny induced from eggs of inter-ploidy allotriploid females 
(Fig. 5c), the infrequent occurrence of aneuploid eggs 
(diameter 1.3–1.4 mm) was observed along with large and 
small eggs (Momotani et al. 2002) (Table 2).

Genetics of inter‑ploidy allotriploids

Genetic characteristics were analyzed in gynogenetic 
allotriploid progeny induced from large eggs of triploid 
females by fertilization with UV-irradiated genetically inert 
sperm and in gynogenetic allohexaploid progeny induced 
by inhibiting the second polar body release after the induc-
tion of gynogenetic allotriploids (Arai and Mukaino 1997) 
(Fig. 5c, d). Multi-locus DNA fingerprinting with minisatel-
lite 33.15 and 33.6 probes revealed that all the gynogenetic 
allohexaploids examined showed uniform genotypes identi-
cal to those of the allotriploid mother (Arai and Mukaino 
1997). On the contrary, 16 out of the 22 gynogenetic 
allotriploids examined showed genotypes isogenic to their 
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allotriploid mother, proving their clonal nature (Arai and 
Mukaino 1997). The other gynogenetic allotriploids showed 
very similar (96.2–99.2% similarity in band sharing indi-
ces) but aclonal genotypes without a few fragments (Arai 
and Mukaino 1997). These results strongly suggested that 
allotriploid females from inter-ploidy diploid × tetraploid 
hybridization produced fertile unreduced large-size eggs 
which were genetically identical or highly similar to the 
somatic cells of the mother.

Diploid progeny were produced by fertilizing haploid 
small eggs of allotriploid females (diploid × tetraploid) with 
haploid sperm of wild-type diploid dojo loach (Arai and 
Mukaino 1998) (Fig. 5e). Gynogenetic haploids appeared 
when small eggs were fertilized with UV-irradiated sperm 
(Fig. 5g). When the second polar body release was inhib-
ited in these crosses, triploids and gynogenetic diploids 
appeared (Fig. 5f, h). Different electrophoretic genotypes 
were detected in two allozyme loci between diploid and 
tetraploid dojo loach (Arai and Mukaino 1998). Allozyme 
genotypes analyzed in the diploid progeny of allotriploids 
suggested preferential pairing between the two homologous 
chromosomes derived from the tetraploid parent because 
of their higher affinity during meiosis (Arai and Mukaino 
1998). Thus, the genetic results strongly suggested an elimi-
nation of non- or low-homologous chromosomes derived 
from the diploid parent and regular meiosis between two 
homologous chromosomes derived from the tetraploid par-
ent, i.e., meiotic hybridogenesis (Fig. 2c).

Cytogenetic mechanisms for triploid and haploid 
egg formation

Cytogenetic observations of immature ovaries of inter-
ploidy allotriploids from crosses between wild-type dip-
loids and natural tetraploids revealed a high percentage of 
hexaploid metaphases with 150 chromosomes (Zhang et al. 
1998). The results were strongly suggestive of the occur-
rence of chromosome doubling in the oogonial stages and 

Fig. 5  Progeny of unreduced triploid (3n) large (L) and reduced hap-
loid (1n) small (S) eggs laid by allotriploids produced by reciprocal 
cross-breeding between wild-type diploid and autotetraploid dojo 
loach. Mature eggs at the metaphase of second meiosis can accept 
sperm. Blue chromosomes are from autotetraploids, while red chro-
mosomes are from wild-type diploids. a Allotetraploid induction 
by the fertilization of unreduced 3n L-eggs with 1n sperm of wild-
type diploids (3n L-egg × 2n). b Alloheptaploid induction by the 
inhibition of second polar body (2  PB) release (PBI) after fertiliza-
tion of unreduced 3n L-eggs with 1n sperm of wild-type diploids 
(3n L-egg × 2n/PBI). c Gynogenetic allotriploid induction by the 
fertilization of unreduced 3n L-eggs with UV-irradiated sperm (3n 
L-egg × UV). d Gynogenetic allohexaploid induction by PBI after the 
fertilization of unreduced 3n L-eggs with UV-irradiated sperm (3n 
L-egg × UV/PBI). e Diploid  (allodiploid) induction by the fertiliza-
tion of reduced 1n S-eggs with 1n sperm of wild-type diploids (1n 
S-egg × 2n). f Triploid (allotriploid)  induction by PBI after the fer-
tilization of reduced 1n S-eggs with 1n sperm of wild-type diploids 
(1n S-egg × 2n/PBI). g Gynogenetic haploid induction by the fertiliza-
tion of reduced 1n S-eggs with UV-irradiated sperm (1n S-egg × UV). 
h Gynogenetic diploid induction by PBI after the fertilization of 
reduced 1n S-eggs with UV-irradiated sperm (1n S-egg × UV/PBI). 
2 PB second polar body, UV genetic inactivation of gametic nucleus 
by UV irradiation, L-egg large-size egg, S-egg small-size egg, open 
arrow timing of inhibition of the second polar body release (PBI)

▸
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(a) Reduced haploid egg formation in wild-type diploid 

(b) Clonal triploid egg formation in allotriploid

(c) Aclonal triploid egg formation in allotriploid

(d) Reduced haploid egg formation in allotriploid

(e) Clonal diploid egg formation in clonal diploid

(f) Clonal diploid egg formation in clonal tetraploid
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that an elevation of ploidy from triploid to hexaploid should 
cause the development of large oocytes (Zhang et al. 1998). 
An increase in cell size due to the elevation of ploidy is 
a well-known phenomenon in polyploid organisms (Arai 
2000, 2001; Piferrer et al. 2009; Arai and Fujimoto 2019).

The oocytes at the pachytene stage in diploid wild-type 
controls (2n = 50) showed a meiotic configuration with 25 
bivalents (Zhang et al. 1998, 2002; Zhang and Arai 1999b) 
(Table  2). The small oocytes of allotriploids (3n = 75) 
showed 25 thick, densely stained elements and 25 thin, 
faintly stained elements, which seemed to be 25 bivalents 
and 25 univalents, respectively (Zhang et al. 1998) (Table 2). 
Thus, the haploid eggs are likely formed by the segregation 
of the 25 bivalents, with no involvement of the 25 univalents. 
The majority of the large oocytes were observed to have no 
fewer than 60 thick elements and an estimated 75 bivalents 
that were theoretically paired from the 150 chromosomes 

transmitted from the hexaploid oogonia (Zhang et al. 1998) 
(Table 2). Although there was some uncertainty about the 
meiotic chromosome count due to the technical limitations 
of classic cytogenetic observations, the outline of the meiotic 
configurations in both small and large oocytes was observed. 
In the near future, the results may be reconfirmed by using 
new techniques such as immunochemical staining with an 
antibody to synaptonemal complexes (Araya-Jaime et al. 
2015; Dedukh et al. 2020a, b, 2022; Tichopád et al. 2022).

Cytological observations revealed that both small and 
large oocytes showed normal bipolar spindle formation in 
the metaphase of first meiosis (MI) and then entered into 
the anaphase of MI to exclude the first polar body normally 
(Zhang et al. 1998). After this event, a normal bipolar spin-
dle was formed at the metaphase of second meiosis (MII) 
(Zhang et  al. 1998). These cytogenetic and cytological 
observations indicate that both small and large oocytes of 
allotriploid females undergo the same meiotic processes as 
seen in the normal diploids (Fig. 6a).

The doubled bivalents and the presence of two succes-
sive divisions in the meiotic process, as observed in the 
large-sized oocytes, indicate that large-sized triploid eggs 
are formed by premeiotic endomitosis wherein chromosome 
numbers of germ cells get duplicated before entering meiosis 
(Zhang et al. 1998). Thus, unreduced triploid eggs of a large 
size are likely produced by normal meiosis of hexaploid 
oocytes. All the chromosomes of triploid germ cells are 
doubled before entering meiosis in the course of oogonial 
proliferation, and then preferential pairing between sister 
chromosomes duplicated from each chromosome occurs to 
give rise to 75 bivalents in the hexaploid oocytes (Zhang 
et al. 1998) (Fig. 6b). Pairing between sister replicates is 
essential in this system (Fig. 6b), but the possibility of syn-
apsis between non-sister homologous chromosomes from 
tetraploid parents cannot be excluded (Fig. 6c) because of 
the presence of a small number of aclonal triploid eggs with 
a slight variation in DNA fingerprints (Arai and Mukaino 
1997).

Among the other cytogenetic variations, two poles were 
occasionally detected at one side or both sides of the bipolar 
spindle of MII (Zhang et al. 1998). Such a formation likely 
induces unusual segregation of chromosomes, as seen in the 
following example: when the second polar body release was 
inhibited after gynogenetic induction of unreduced triploid 
eggs, a majority of the progeny were gynogenetic hexa-
ploids, but a small number of gynogenetic pentaploid (trip-
loid egg nucleus + diploid polar body nucleus) and tetraploid 
(triploid egg nucleus + haploid polar body nucleus) progeny 
also appeared, presumably due to the partial success of MII 
inhibition (Matsubara et al. 1995).

Small haploid eggs may differentiate from triploid oogo-
nia without premeiotic chromosome doubling (Fig. 6d). In 
small oocytes, 25 bivalents and 25 univalents were observed 

Fig. 6  Mechanisms for atypical reproductive modes in the dojo 
loach. Genetic differences between parental fish are shown by differ-
ent colors of chromosomes (dark blue, light blue, white). Dark blue 
and light blue chromosomes are closely related homologous chromo-
somes, while white chromosomes are non-homologous chromosomes. 
a Reduced haploid egg formation in wild-type diploids by normal 
meiosis: homologous chromosomes replicate, synapse, and recom-
bine, and reduced haploid eggs are formed after two regular meiotic 
divisions. b Clonal triploid egg formation by premeiotic endomitosis 
in allotriploids: a triploid oogonium becomes a hexaploid oogonium 
by duplicating each chromosome at a certain stage before entering 
meiosis. Two consecutive meiotic divisions produce triploid clonal 
eggs after replication, synapsis between sister chromosomes, and 
recombination. Recombination does not generate genetic variation 
because of the exchange of identical elements. c Aclonal triploid egg 
formation by premeiotic endomitosis in allotriploids: a triploid oogo-
nium becomes a hexaploid oogonium by duplicating each chromo-
some at a certain stage before entering meiosis. After replication, 
synapsis occasionally happens between a few homologous (dark 
blue and light blue) chromosome pairs to generate genetic variation. 
Two consecutive meiotic divisions produce aclonal (but very simi-
lar) triploid eggs after this partial recombination. d Reduced haploid 
egg formation by meiotic hybridogenesis in allotriploids: a non-
homologous chromosome set is eliminated and two sets of homolo-
gous chromosomes enter regular meiosis to form reduced (genetically 
variant) haploid eggs. e Clonal diploid egg formation by premeiotic 
endomitosis in clonal diploids: a diploid oogonium with heterozy-
gosity between non-homologous chromosomes becomes a tetraploid 
oogonium by duplicating each chromosome. The resultant sister chro-
mosomes behave as homologous chromosomes, undergoing replica-
tion, synapsis between sister chromosomes, and recombination. Two 
consecutive meiotic divisions produce diploid clonal eggs. Recom-
bination does not generate genetic variation because of the exchange 
between identical elements. This system also occurs in sex-reversed 
clonal males to produce clonal  diploid sperm. f Clonal diploid egg 
formation by meiosis in clonal tetraploids: no duplication of chromo-
somes occurs; the tetraploid oocyte enters the regular meiotic process 
and homologous (identical) chromosomes undergo replication, syn-
apsis, and recombination. Recombination does not generate genetic 
variation because of the exchange between identical elements. This 
system also occurs in sex-reversed clonal males to produce clonal 
diploid sperm. MI first meiosis, MII second meiosis, 1 PB first polar 
body, 2 PB second polar body

◂
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(Zhang et al. 1998) (Table 2). Such a bivalent-univalent 
complex often gives rise to the occurrence of aneuploid 
gametes because bivalents segregate equally while univa-
lents segregate randomly. In autotriploid dojo loach (Zhang 
and Arai 1999b; Zhang et al. 2002) and other autotriploid 
fish (Thorgaard and Gall 1979), such a configuration appar-
ently caused the occurrence of aneuploid spermatozoa, as 
described in the previous section. Cytological examination 
of small oocytes showed that they underwent two succes-
sive meiotic divisions, just as normal control diploids do 
(Zhang et al. 1998) (Fig. 6d). Thus, only bivalents should be 
involved in meiotic events, and univalents might be elimi-
nated before final maturation (Zhang et al. 1998) (Fig. 6d). 
As discussed in a later section on clonal biotypes, germi-
nal vesicles of clone-derived allotriploids, which also lay 
haploid eggs, exhibited 25 bivalents, and no residual uni-
valents were identified in the oocyte nucleus (Morishima 
et al. 2008c). In the small oocytes of allotriploid females, 
chromosome-like bodies, presumably detached from the 
equatorial plate, were found in the cytoplasm around the 
bipolar spindle of MI (Zhang et al. 1998). These elements 
were no longer visible in the metaphase of the second mei-
otic division (Zhang et al. 1998). However, conclusive evi-
dence of the timing and the germ cell stage of the preferen-
tial elimination of chromosomes derived exclusively from 
one parent before final maturation has not been obtained yet. 
In relation to examples of other hybridogenetic animals, two 
different theories were provided: (1) chromosomal elimi-
nation by the formation of a unipolar spindle just before 
the beginning of meiosis (Cimino 1972), and (2) gradual 
elimination during the gonial proliferation period (Turner 
and Heppich 1981; Heppich et al. 1982; Turner and Hep-
pich-Turner 1991; Chmielewska et al. 2018; Dedukh et al. 
2020b). Considering genetic results based on allozyme geno-
types (Arai and Mukaino 1998) and the cytological results 
summarized above (Zhang et al. 1998), meiotic hybridogen-
esis (Fig. 2c) is involved in the formation of a small haploid 
egg of allotriploid dojo loach. Homologous chromosomes 
from a tetraploid parent likely pair to form bivalents due to 
their high affinity, and then these bivalents produce haploid 
eggs by regular meiosis (Fig. 6d).

Aneuploid gametogenesis in inter‑ploidy 
allotriploids in China

In the Chang Jiang River system, tetraploid dojo loach with 
100 chromosomes co-exist with gonochoristic diploid wild 
types (2n = 50) and low frequencies of natural triploids 
(3n = 75) (Li et al. 2008, 2010, 2012, 2017). The loach with 
100 chromosomes are not examples of diploids devolved 
from tetraploid ancestors but genetically true tetraploids 
with four sets of homologous chromosomes (4n = 100) 
because viable gynogenetic progeny can be produced 

from their eggs on fertilization with UV-irradiated sperm 
(Li et al. 2013) (Fig. 4g). When reproductive capacity was 
examined in these Chinese polyploids (Li et al. 2012), tetra-
ploid males exhibited fertile performance in terms of con-
centration and motility of sperm, while tetraploid females 
laid fertile diploid eggs with sizes larger than the haploid 
eggs of the diploid wild type (Table 1). Examples of natural 
triploid females laid fertile haploid eggs (Li et al. 2012), 
and this reproduction is similar to the case of small eggs 
in other inter-ploidy allotriploids between Japanese wild-
type diploids and unknown-origin (putative Chinese) natural 
tetraploids, as described in the previous section (Fig. 5e–h). 
The allotriploid males generated aneuploid spermatozoa 
(1.2–2.2n) (Li et al. 2012), like in autotriploid males and 
another type of inter-ploidy allotriploid described in the next 
paragraph.

Inter-ploidy hybridization was performed in China 
between diploids from Liaoning Province and tetraploids 
from Hubei Province to produce viable triploid progeny. 
Population genetic studies on Chinese dojo loach and related 
species have not been well conducted. However, natural 
tetraploids in Hubei belong to the group B2 (Morishima 
et al. 2008a; Li et al. 2017), while diploids in Liaoning 
belong to the clade close to group A (Li et al. 2017). The 
major meiotic configuration of these inter-ploidy allotrip-
loids is composed of 25 bivalents and 25 univalents in both 
germinal vesicles and spermatocytes, but other configura-
tions comprising several trivalents and more univalents are 
also seen (Li et al. 2015) (Table 2). The identification of 
three homologous chromosomes bearing NOR with FISH 
using an rDNA probe and differential staining with silver 
nitrates and chromomycin  A3 revealed that two-thirds of the 
triploid meiotic cells had one bivalent with two NORs and 
one univalent with one NOR (Li et al. 2015). The other one-
third of the meiotic cells exhibited three univalents, each 
of which had one NOR, showing a failure of homologous 
chromosomes to pair (Li et al. 2015).

Inter-ploidy allotriploids produced fertile gametes in 
both females and males (Li et al. 2016). The majority of 
the males exhibited spermatozoa with around 1.5–1.6n, but 
the others showed triploid and hexaploid cell populations 
in sperm, suggesting the arrest of spermatogenesis at the 
replication phase before meiotic division was commenced 
(Li et al. 2016). When allotriploids from diploids and tetra-
ploids were backcrossed with wild-type diploids (triploid 
female × diploid male, diploid female × triploid male) and 
inter-crossed (triploid female × triploid male), progeny from 
these crosses were inviable and died in embryonic and/or 
larval stages (Li et al. 2016). In diploid female × triploid 
male crosses, embryos had a mean chromosome number 
of 61.6 (2.4n), while triploid female × diploid male prog-
eny showed a mean chromosome number of 61.1 (2.4n) (Li 
et al. 2016). In triploid female × triploid male crosses, the 
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mean chromosome number was 73.0 (2.9n) (Li et al. 2016). 
In other sets of crosses, diploid female × triploid male and 
triploid female × diploid male crosses gave mean chromo-
some numbers of 58.8 (2.4n) and 67.2 (2.7n), respectively, 
while triploid female × triploid male crosses showed 73.5 
(2.9n) chromosomes (Li et al. 2016). These results indicated 
the production of aneuploid gametes with a mode of around 
1.5n in both male and female inter-ploidy allotriploids in 
China (Table 2). These aneuploid eggs and spermatozoa are 
considered to be generated by the equal segregation of 25 
bivalents and the random segregation of 25 univalents, as 
predicted by the most frequent meiotic configuration in both 
oocytes and spermatocytes.

Allotriploids between Chinese diploids (Liaoning Prov-
ince) and Chinese tetraploids (Hubei Province) did not pro-
duce any unreduced or hybridogenetic eggs. They produced 
aneuploid eggs and sperm because they formed bivalent-
univalent meiotic configurations in both oocytes and sper-
matocytes (Li et al. 2016) (Table 2). This meiotic event 
was similar in both autotriploid sexes, although autotrip-
loid females often exhibited complete sterility. Distant 
inter-ploidy hybridization between Japanese diploids and 
Chinese tetraploids resulted in atypical reproduction such 
as unreduced and/or hybridogenetic oogenesis and sterile 
spermatogenesis (Matsubara et al. 1995; Zhang et al. 1998) 
(Tables 1, 2) (Fig. 5). These results suggested that hybridi-
zation between more remotely related parents might have 
resulted in atypical reproduction such as unreduced egg for-
mation and meiotic hybridogenesis (Fig. 2bc).

Allopentaploidy

When eggs of natural autotetraploid females were ferti-
lized with sperm of wild-type diploid males and the second 
polar body release was inhibited, allopentaploid progeny 
(5n = 125) comprising four sets of chromosomes derived 
from autotetraploids (of putative Chinese origin) and one set 
of chromosomes derived from wild-type diploids (of Japa-
nese origin) were successfully produced (Fig. 4d). These 
allopentaploids were viable, and mature females produced 
diploid eggs with diameters larger (1.2 mm) than those of 
the wild-type diploids (1.1 mm) but smaller than those of 
the large triploid eggs (1.4 mm) laid by inter-ploidy allotrip-
loid females (Matsubara et al. 1995). Although the meiotic 
process has not been cytogenetically examined in these allo-
pentaploids so far, pairing may have arisen between the four 
homologous chromosomes derived from the autotetraploids 
after the probable elimination of unmatched non-homolo-
gous chromosomes derived from wild-type diploids. This 
reproductive mode seems to be similar to meiotic hybrido-
genesis (Fig. 2c), which has been observed in the course 

of small haploid egg formation in inter-ploidy allotriploid 
females (Zhang et al. 1998) (Fig. 6d). Actually, cross-breed-
ing between a female allopentaploid and a male diploid 
produced viable triploid progeny (Matsubara et al. 1995; 
Zhang and Arai 1996). In contrast, allopentaploid males 
were reported to produce 2.3n spermatozoa (Zhang and 
Arai 1996) (Table 2). Although the meiotic process is not 
known, the simultaneous formation of 50 bivalents, i.e., 100 
chromosomes derived from autotetraploids, and 25 univa-
lents derived from wild-type diploids in pentaploid 5n = 125 
chromosomes show the presumable involvement of aneu-
ploid spermatogenesis by the equal segregation of bivalents 
and the random segregation of univalents. An experimental 
cross using sperms of allopentaploid males has not been per-
formed, and thus the developmental capacity of its progeny 
is unknown at present. As mentioned above, allopentaploid 
females laid diploid eggs, whereas the males showed ane-
uploid sperm. Therefore, the same allopentaploid combina-
tion of chromosome sets did not give the same results for 
both sexes.

Unusual hyper‑triploidy 
and hyper‑tetraploidy

Flow cytometry analyses of about 450 live loach samples 
taken from the central wholesale market in Tokyo revealed 
the remarkable occurrence of polyploid specimens with 
the following DNA content range: triploid (11.5%), tetra-
ploid (6.7%), pentaploid (0.2%), hexaploid (0.2%), and 
heptaploid (0.2%) (Zhao et  al. 2012a). Among them, 
hyper-triploids and hyper-tetraploids were also evident 
flow cytometrically (Zhao et al. 2012a).

In the sperm of hyper-triploid males, haploid-, triploid-, 
and hexaploid-range cell populations were evident, but the 
hexaploid-range cell population was dominant (72%), sug-
gesting arrest at the replication phase before meiotic divi-
sion was commenced (Zhao et al. 2014). Hexaploid-range 
sperm cells had larger-sized heads (length 3.45 μm, width 
3.42 μm) than those of the haploid spermatozoa of the 
control (length 1.82 μm, width 1.81 μm), but their flagel-
lar length (17.4 μm) was shorter than that of the control 
(24.2 μm), as shown in Table 1. Aflagellate and biflagel-
late sperm cells were also observed. All these sperm cells 
showed extremely low motility despite their higher ATP 
content and total mitochondrial mass (Zhao et al. 2014). 
The number of mitochondria was similar to that seen in the 
control (Table 1). These high-energy-related factors could 
not compensate for the low motility of the unusual sperm 
cells with bigger-sized heads and a shorter flagellum.

Hyper-tetraploids produced hyper-diploid spermato-
zoa with vigorous motility (Zhao et al. 2014) (Table 1). 
Hyper-diploid spermatozoa had larger-sized heads 
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(length 2.24 μm, width 2.23 μm) as well as longer fla-
gella (30.6 μm). ATP content and number of mitochondria 
were higher than those of the control and similar to those 
observed in diploid spermatozoa of natural tetraploids and 
neo-tetraploids (Table 1). When eggs of wild-type diploids 
were fertilized with hyper-diploid spermatozoa, triploid-
range larvae with a normal appearance were produced 
(Zhao et al. 2012a). When genetically inert eggs irradiated 
with UV were fertilized with hyper-diploid spermatozoa, 
no viable androgenetic larvae were produced (Zhao et al. 
2012a). The resultant hyper-diploid androgenetic progeny 
had 2n = 54, which clearly indicated the presence of super-
numerary micro-chromosomes (Zhao et al. 2012a).

Natural clones

Clonal lineage and its hybrid origin

Tetraploid dojo loach have not been discovered in Japa-
nese wild populations, despite thorough screening with 
flow cytometry (Zhang and Arai 1999a; Arai 2003; Arai 
and Fujimoto 2013). However, the east part of Hokkaido 
is one of the hot spots for high frequencies of triploids 
(Morishima et al. 2002). In this case, the involvement of 
certain diploid individuals which may produce unreduced 
eggs is predicted, as in the case reported in Hirokami, 
Niigata Prefecture (Zhang and Arai 1999a). The eggs of 
mature dojo loach collected from the east part of Hok-
kaido were used for three different experimental setups: 
they were fertilized with the sperm of wild-type dip-
loids, hybridized with hetero-specific goldfish sperm, and 
gynogenetically activated with UV-irradiated sperm. As a 
result, some of the females in all three experiments pro-
duced viable diploid dojo larvae with a normal appearance 
(Morishima et al. 2002). They were verified to be geneti-
cally identical to the somatic cells of the mother by micro-
satellite genotyping and multi-locus DNA fingerprinting 
(Morishima et al. 2002). Cytological observations revealed 
that the sperm intruding the clonal eggs failed to decon-
dense and the male pronucleus was not formed for subse-
quent syngamy (Itono et al. 2007). The condensed sperm 
nucleus could not contribute to the zygotic nucleus and 
disappeared in the course of cleavage (Itono et al. 2007). 
The egg nucleus became the female pronucleus by decon-
densation, and it alone acted as the zygotic nucleus (Itono 
et al. 2007). These results indicated the presence of clonal 
dojo loach which laid isogenic diploid eggs that developed 
by sperm-dependent parthenogenesis, i.e., gynogenesis. 
Such clonal lineages were also found in Notojima Island, 
Ishikawa Prefecture (Morishima et al. 2008a). In the cross-
fertilization experiment with wild-type diploids, certain 

percentages of triploids were also found (Morishima et al. 
2002; Itono et al. 2007). Microsatellite genotyping and 
DNA fingerprinting revealed that the resultant triploids 
had both diploid clonal alleles and haploid wild-type 
alleles (Morishima et al. 2002; Itono et al. 2007). Cyto-
logical observations also showed delayed decondensation 
of the sperm nucleus and subsequent syngamy with the 
blastomere of a clonal diploid embryo (Itono et al. 2007). 
These results explain the occurrence of the relatively high 
frequencies of triploids: accidental incorporation of the 
sperm nucleus into the blastomere of a clonal diploid 
embryo.

A total of four clonal lineages (families) with high 
genetic similarities have been detected in the Hokkaido 
and Ishikawa prefectures (Morishima et al. 2002, 2008a). 
Previous genetic studies using allozymes (Khan and Arai 
2000), microsatellites (Arias-Rodriguez et al. 2007), and 
mitochondrial DNA (Morishima et  al. 2008a; Shibata 
et al. 2020) disclosed the presence of genetically diver-
gent groups, A and B, in dojo loach. More precise recent 
studies further revealed the heterozygosity of the clonal 
loach because the clone had both group-A-specific and 
group-B-specific sequences of recombination activating 
gene 1 (RAG1) and interphotoreceptor retinoid binding 
protein 2 (IRBP2) (Yamada et al. 2015). The hybrid sta-
tus of the clonal loach was also verified by the presence 
of both group-A-specific and group-B-specific repetitive 
sequences (Fujimoto et al. 2017). Molecular cytogenetic 
analyses using FISH with group-A-specific ManDra-A and 
group-B-specific ManDra-B probes indicated that in the 
clonal dojo loach, one set of chromosomes was derived 
from group A and the other from group B (Kuroda et al. 
2018, 2021b). These results led to the conclusion that 
clonal dojo loach should have arisen from a past hybridi-
zation event between ancestors of group A and those of 
group B. Based on the mitochondrial DNA haplotype, the 
group A ancestor was taken to be a female (Morishima 
et al. 2008a). Recent FISH studies showed further struc-
tural differentiation in chromosomes between ancestral 
and contemporary group A dojo loach (Kuroda et  al. 
2021b). A newly described Misgurnus species, M. chip-
isaniensis, was reported to have mtDNAcytb, Rag1, and 
IRBP2 sequences belonging to the same phylogenic clade 
as the group A dojo loach (Shedko and Vasil’eva 2022). 
Although the precise taxonomical relationship between the 
M. chipisaniensis in Sakhalin and the group A in Hokkaido 
and Honshu has not yet been determined, both loaches are 
similar. This also suggested the presence of a clonal loach 
in the southern part of Sakhalin Island because the mtDNA 
haplotype specific to the clone was detected (Shedko and 
Vasil’eva 2022).
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Sex‑reversed clonal males

For most unisexual fishes which reproduce gynogenetically, 
males are either absent or sterile (Arai and Fujimoto 2013). 
In the east area of Hokkaido, where clonal lineages appear, 
clone-origin triploids were formed. The triploid females 
were fertile but reproduced by meiotic hybridogenesis 
(Fig. 2c), while the triploid males were sterile (Oshima et al. 
2005; Morishima et al. 2008c) (Table 2). Sympatrically, the 
diploid-triploid mosaic dojo loach was found at a very low 
rate (Morishima et al. 2004). In this mosaic, the diploid cell 
populations had a clonal genotype while the triploid cell 
populations had clonal diploid sets of chromosomes and 
a sperm-derived haploid set of chromosomes (Morishima 
et al. 2004). After the triggering of gynogenetic develop-
ment in a clonal egg, delayed syngamy might have occurred 
between the re-decondensed sperm nucleus and a somatic 
cell nucleus in the blastomere of the clonal embryo to pro-
duce the triploid cell lineage. Remarkably, diploid-triploid 
mosaic males produced functional diploid spermatozoa 
with a clonal genotype (Morishima et al. 2004). However, 
the concentration and motility of the diploid spermatozoa 
were very low, and their head sizes (length 2.48 μm, width 
2.38 μm) were larger than those of haploid spermatozoa of 
the control diploids (length 1.87 μm, width 1.70 μm), as 
shown in Table 1. Thus, the low hatching rates of eggs ferti-
lized with such diploid spermatozoa can be explained by the 
failure to achieve fertilization due to the low spermatozoa 
concentration and motility. Large heads of diploid sperma-
tozoa generally make it difficult for them to enter the eggs 
through the micropyle (Morishima et al. 2004).

Since male heterogametic sex determination (XX 
female, XY male) is predicted from the exclusive occur-
rence of females in induced gynogenetic diploids in dojo 
loach (Suzuki et al. 1985b), clonal diploids are essentially all 
female because the Y chromosome is absent. In the mosaics, 
triploid germ cells with the Y chromosome produce sterile 
testes, which induce the spermatogenesis of germ cells with 
the clonal diploid genotype because the undifferentiated 
germ cells have bipotency in sex differentiation according 
to the gonadal environment, as reported in germ-line chi-
merism. In several teleosts, germ cells taken from geneti-
cally female donors could differentiate into male gametes 
under chimeric germ-line conditions (Shinomiya et al. 2002; 
Yamaha et al. 2003; Yoshizaki et al. 2012), which are equiv-
alent to the mosaic conditions.

All-female clonal loach were sex reversed to physiologi-
cal males by 17-α-methyltestosterone treatment (Yoshikawa 
et al. 2007). These sex-reversed clonal males produced fer-
tile diploid spermatozoa isogenic to their father’s clonal line-
age (Yoshikawa et al. 2007), as in the diploid-triploid clone-
origin mosaic (Morishima et al. 2004). The characteristics 

of the diploid spermatozoa of the sex-reversed clonal loach 
were significantly different from those of the haploid sper-
matozoa of wild-type diploids (Zhao et al. 2012b) but were 
similar to those of the diploid spermatozoa of diploid-trip-
loid mosaics (Morishima et al. 2004). As seen in Table 1, 
diploid spermatozoa of sex-reversed clonal males showed a 
very low concentration and motility (less than 5%) and had 
larger-sized sperm heads (length 2.25 μm, width 2.25 μm) 
and longer flagella (30.75 μm) than those of the haploid 
spermatozoa of the control loach (length 1.82 μm, width 
1.81 μm, flagellum 23.85 μm). In spite of the large-sized 
sperm head, the number of mitochondria per spermatozoon 
was not different from that in the control, while the ATP 
content was lower than that of fertile diploid spermatozoa 
of autotetraploids and neo-tetraploids. These differences in 
energy-related parameters may explain the low motility of 
the diploid spermatozoa of the clonal males. Sex-reversed 
clonal males were not sterile like males of other unisexual 
fishes (Janko et al. 2018; Dedukh et al. 2020a), but their 
spermatozoa exhibited a low potential for fertility due to 
their low concentration, low motility, and large head size.

Mechanisms for clonal reproduction

When the mature oocytes of the clonal biotypes were iso-
lated from the ovary and incubated in vitro with 17-α-20-
β-dihydroxy-4-pregnene-3-one to induce final maturation, 
cytological microscopy showed bipolar spindle formation 
at the metaphase of the first meiosis, the subsequent release 
of the first polar body, and the formation of the bipolar spin-
dle at the metaphase of the second meiosis before ovula-
tion (Itono et al. 2006). These observations confirmed the 
presence of two consecutive meiotic divisions in the clonal 
dojo loach, as seen in the final maturation of the wild-type 
diploid dojo loach. The result indicated that apomixis was 
not involved in unreduced egg formation in clonal dojo loach 
because of the presence of the first polar body release. Apo-
mixis is a mechanism responsible for the abortion of the first 
meiotic division, resulting in the production of clonal eggs 
only by the second meiotic division; a mechanism identi-
fied as a reproductive system in crucian carp (Yamashita 
et al. 1993) and Amazon molly (Monaco et al. 1984; Dedukh 
et al. 2022). Germinal vesicles isolated from fully grown 
oocytes of wild-type diploids exhibited 25 bivalents formed 
by pairing among 2n = 50 chromosomes, while the germinal 
vesicles of the clones showed 50 bivalents, clearly indicating 
the presence of twice the number of bivalents formed by the 
pairing of 100 chromosomes before the first meiotic division 
(Itono et al. 2006) (Table 2). These observations indicated 
that all the chromosomes of the germ cells were duplicated 
from 2n = 50 to 4n = 100 by endomitosis without cytokinesis 
before entering meiosis. The presence of twice the number 
of bivalents in the germinal vesicles and the evidence for 
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two consecutive meiotic divisions conclusively proved the 
involvement of premeiotic endomitosis in unreduced oogen-
esis (Fig. 6e).

The spermatocytes of sex-reversed clonal males also 
revealed twice the number of bivalents, indicating the 
involvement of the same premeiotic endomitosis in unre-
duced spermatogenesis (Yoshikawa et al. 2009). Further 
FISH analyses using the group-specific sequences ManDra-
A and -B and chromosome-specific rDNA as probes in 
spermatocytes showed that pairing between sister chromo-
somes duplicated from every single chromosome derived 
from each ancestral group assured the existence of isogenic 
clonal gametes, as recombination or crossing over did not 
generate genetic variations due to the exchange of identical 
elements between sister chromosomes (Kuroda et al. 2018, 
2021b). Pairing between sister chromosomes in diplotene 
chromosomes from germinal vesicles of the clonal females 
was also confirmed (Kuroda et al. 2018). Spontaneous cell 
fusion of adjacent germ cells was proposed as an alternative 
mechanism in unisexual crucian carp (Wang et al. 2016). 
However, no histological image showing cell fusion has been 
obtained in the case of clonal dojo loach.

Classic microscopic studies carried out to ascertain the 
endomitotic stage in the formation of unreduced eggs in 
artificial hybrid fish suggest that the chromosome doubling 
time is just before the germ cells enter meiosis or one or 
few divisions before meiosis (Hamaguchi and Sakaizumi 
1992; Shimizu et al. 2000). Dedukh et al. (2021) observed 
unreduced oogenesis, using immunolabeling with antibodies 
against the lateral and central component of the synaptone-
mal complexes as well as FISH analyses with chromosome-
specific probes, in clonally reproduced Cobitis diploid and 
triploid hybrids, and supported the above-mentioned results. 
They concluded that duplication occurred in only a minor 
fraction of clusters (“nests”) of oogonial cells and that the 
vast majority of oogonial cells were unable to duplicate their 
chromosomes. Consequently, only oogonial cells with dupli-
cated chromosomes could enter meiotic divisions by forming 
bivalents between sister chromosomes, while the other oogo-
nial cells could not proceed beyond the pachytene stage due 
to the “pachytene checkpoint” barrier (Dedukh et al. 2021).

However, a different timing of chromosome doubling 
was shown in sex-reversed clonal dojo loach (Yoshikawa 
et al. 2009). In the testes of clonal males, germ cells with 
larger nuclei were observed histologically in type B sper-
matogonia (Yoshikawa et al. 2009). In contrast, among early 
germ cells with sizes similar to those of wild-type diploid 
males, larger type A spermatogonia were also histologi-
cally detected (Yoshikawa et al. 2009). By performing flow 
cytometrical analyses for DNA content in isolated and then 
separated germ cells of clonal males, tetraploidy with 4C 
DNA content, i.e., chromosome doubling, was exclusively 
verified in type A and early type B spermatogonia, which 

were immunohistochemically identified by antispermatogo-
nia-specific antigen 1 (Yoshikawa et al. 2009). These results 
indicate conclusively that chromosome doubling arises at 
the type A spermatogonia before the beginning of active 
proliferation by mitosis, which is a characteristic feature of 
type B spermatogonia in clonal male dojo loach. Chromo-
some doubling in the early stage of spermatogonia for dip-
loid spermatogenesis indicated that most clonal germ cells 
underwent premeiotic endomitosis to differentiate into fertile 
diploid spermatozoa.

In clonal diploid females of dojo loach, twice the num-
ber of bivalents could be clearly observed in the germinal 
vesicles, and thus endomitosis had already occurred in the 
oocytes (Itono et al. 2006), but the exact timing of endomi-
tosis in unreduced oogenesis has not yet been identified. 
The differences in the timing and the germ-cell type of 
premeiotic chromosome doubling between Cobitis clonal 
females (Dedukh et al. 2021) and Misgurnus clonal males 
(Yamashita et al. 1993) is difficult to explain. These dif-
ference may indicate a species-specific or sex-specific tim-
ing of endomitosis. Further studies are required in the near 
future to identify the timing of premeiotic endomitosis in 
dojo loach clonal females, probably using new techniques 
such as immunolabeling of lateral and central components 
of the synaptonemal complexes (Araya-Jaime et al. 2015; 
Dedukh et al. 2020a, 2021, 2022; Tichopád et al. 2022). The 
complete sterility of clonal Cobitis males makes it difficult 
to analyze the timing of chromosome duplication in them, 
and hence the necessity (Dedukh et al. 2021).

Clonal tetraploids

When clonal diploid eggs were fertilized with clonal 
diploid sperm of sex-reversed clonal males, clonal dip-
loid sperm triggered gynogenetic development in a large 
number of clonal eggs (Morishima et al. 2012). However, 
a certain number of diploid eggs incorporated the clonal 
diploid sperm nucleus to generate clonal tetraploid progeny 
(Morishima et al. 2012). On the contrary, when clonal dip-
loid eggs were fertilized with UV-irradiated sperm to initiate 
gynogenesis, tetraploid progeny were produced as a result 
of inhibition of the second polar body release (Morishima 
et al. 2012). There was no genetic difference between diploid 
and tetraploid clonal loach except for the number of chromo-
some sets or ploidy status. Although clonal diploid loach 
produced unreduced diploid eggs, clonal tetraploid loach 
did not produce unreduced tetraploid eggs; it laid reduced 
diploid eggs by regular meiosis (Morishima et al. 2012). 
The diploid eggs laid by clonal tetraploids were isogenic 
and gynogenetically reproduced, similar to the unreduced 
eggs laid by clonal diploids (Morishima et al. 2012). Clonal 
tetraploid males, which appeared by sex reversal due to envi-
ronmental factors (Nomura et al. 1998), apparently produced 
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fertile isogenic diploid spermatozoa (Morishima et al. 2012). 
Clonal tetraploids are considered amphidiploids with two 
sets of chromosomes: chromosomes from group A and group 
B ancestors. Thus, two homologous chromosomes from the 
two different groups were able to form bivalents due to their 
high affinity, and regular meiosis starting from tetraploid 
germ cells proceeded in both oocytes and spermatocytes 
with an amphidiploid or allotetraploid constitution without 
the necessity to double each chromosome derived from the 
different groups by premeiotic endomitosis (Fig. 6f). These 
results suggest that unreduced gametogenesis may be con-
trolled not by any kind of major gene(s) for the expression 
of premeiotic endomitosis but by the constitution of the 
chromosomes to ensure the occurrence of a normal meiotic 
process by the formation of bivalents and the two subsequent 
consecutive divisions. Recent germ cell transplantation 
experiments in a related species, Cobitis, indicated that sper-
matogonial stem cells from unisexual triploid hybrid males 
(C. elongatoides-taenia-taenia) that were transplanted into 
sexual diploid females (C. elongatoides) apparently differen-
tiated into unreduced triploid eggs which underwent clonal 
reproduction, whereas those transplanted into sexual dip-
loid males resulted in sterility (Tichopád et al. 2022). These 
results suggested that the capacity for unreduced gametogen-
esis should be intrinsic to the heterozygous genomic con-
stitution of the hybrid germ cells rather than dependent on 
special gene(s) to initiate chromosome doubling.

Clone‑origin allotriploids and meiotic 
hybridogenesis

In the localities where diploid clonal loach arose, natural 
triploids were found at relatively high rates (Morishima 
et al. 2002, 2008a). They were clone-origin triploids com-
prising two sets of chromosomes (A and B) from the clone 
and one set of chromosomes (A) from the wild type (Itono 
et al. 2007; Morishima et al. 2008c). In germinal vesicles of 
full-grown oocytes of clone-origin triploids, 25 bivalents—
that is, 2n = 50 chromosomes—were detected (Morishima 
et al. 2008c) (Table 2). The majority of the progeny of 
clone-origin triploids were diploids after fertilization with 
haploid sperm of diploid wild-type males (Itono et al. 2007; 
Morishima et al. 2008c). This showed that clone-origin 
triploid females produced haploid eggs. Unreduced trip-
loid eggs were expected at very low rates because of the 
presence of oocytes with 75 bivalents (Morishima et al. 
2008c). Microsatellite genotyping in the diploid progeny of 
clone-origin triploids demonstrated not only the presence 
of preferential pairing between homologous chromosomes 
of the same genetic group, A or B, but also the elimination 
of unmatched chromosomes during the process of haploid 
oogenesis (Morishima et al. 2008c). Therefore, one chromo-
some set is eliminated before the resumption of meiosis in 

the clone-origin triploid, and the other two chromosome sets 
proceed to regular meiotic divisions (Fig. 6d). This repro-
ductive mode is defined as meiotic hybridogenesis (Fig. 2c). 
Such a mode was also observed in inter-ploidy allotriploids 
from hybridization between Japanese wild-type diploids and 
Chinese tetraploids (Arai and Mukaino 1998; Zhang et al. 
1998). Meiotic hybridogenetic reproduction is not female 
specific because fertile spermatozoa were occasionally 
produced by this mechanism in inter-specific allotriploid 
hybrids between dojo loach and mud loach (Fujimoto et al. 
2008).

The timing and mechanism of elimination of the hap-
loid set of chromosomes of low affinity have not yet been 
determined in fish. However, recent studies on the natural 
hybridogenetic water frog proposed that the elimination 
proceeded with the emergence of micronuclei as detached 
nuclear buds during the interphase of primary oogonia and 
prespermatogonia, based on electron microscopy, immu-
nofluorescence, and cytochemistry analyses (Chmielewska 
et al. 2018; Dedukh et al. 2020b).

Clone-origin triploid females were fertile, as men-
tioned above, but males were sterile (Oshima et al. 2005; 
Morishima et al. 2008c). In clone-origin triploid males 
comprising two sets of chromosomes derived from group 
A and one set of chromosomes derived from group B, i.e., 
a genomic composition of AAB, both bivalents and univa-
lents were present, but trivalents and other multivalents were 
scarce (Kuroda et al. 2019). Preferential pairing was seen 
between chromosomes derived from the same group, group 
A (an average of 17.4 bivalents), and therefore univalents of 
group A occurred less frequently (an average of 11.3 univa-
lents) as compared to those of group B (an average of 21.2 
univalents) (Kuroda et al. 2019). This indicates that pair-
ing between chromosomes from the same group arose with 
higher frequency but that between chromosomes from the 
different groups was also possible (an average of 3.8 biva-
lents) (Kuroda et al. 2019) (Table 2). Such a configuration, 
comprising both bivalents and univalents, causes the occur-
rence of aneuploid spermatozoa because bivalents segregate 
regularly to each pole, whereas univalents segregate ran-
domly, as already reported in artificially induced autotriploid 
males (Zhang and Arai 1999b; Zhang et al. 2002). Accord-
ing to Oshima et al. (2005), replication would generate and 
accumulate hexaploid cell populations in the testes of clone-
origin triploids, but these would not enter meiotic division. 
An accumulation of tetraploid and hexaploid cell popula-
tions has often been detected in the testes of sterile hybrid 
males and triploid males, respectively. Such an aberrant 
accumulation of the replicated cell population indicates a 
failure to complete meiotic division, and thus no or very few 
functional spermatozoa are produced. Most sperm cells are 
abnormal as well as non-motile. However, the characteristics 
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and energy-related parameters of sperm cells have not yet 
been examined in clone-origin triploid males.

Discussion

Meiotic configurations and reproductive modes

In this review, the author aimed to organize the previ-
ous experimental results obtained using various biotypes 
of the dojo loach to better understand the mechanisms 
underlying the changes in numbers and combinations of 
homologous and/or non-homologous chromosome sets 
that affect gametogenesis and reproduction. Polyploids 
with even numbers of homologous chromosome sets are 
generally fertile, as seen in autotetraploids and autohexa-
ploids (Arai et al. 1999; Li et al. 2011), because of the 
ability of homologous chromosomes to form bivalents 
or relatively stable multivalents, such as quadrivalents, 
which can segregate in meiotic divisions. As a matter 
of fact, several quadrivalents and many bivalents have 
always been observed in both oocytes and spermatocytes 
in meiosis in fertile natural autotetraploids. In contrast, 
polyploids with an odd number of homologous chromo-
some sets, for example autotriploids, showed aberrant 
meiotic configurations, such as a bivalents-univalents 
complex (Zhang and Arai 1999b; Zhang et al. 2002). In 
males, aneuploid sperms are formed. In females, biva-
lent-univalent configurations presumably give rise to the 
degeneration of oocytes. The reason why the same mei-
otic configurations in both oocytes and spermatocytes end 
in different results in females and males has not been 
discovered yet.

Similarly, aberrant meiosis brought on by the formation 
of a bivalent-univalent configuration was also recognized 
in allotriploids between less remotely related diploids and 
tetraploids, both from China (Li et al. 2015, 2016). In 
such inter-ploidy allotriploids, aneuploid eggs and sperm 
were produced by aberrant meiosis due to the presence 
of univalents. In contrast, allotriploids between remotely 
related Japanese diploids and exotic tetraploids exhibited 
atypical reproduction. Allotriploid females simultane-
ously generated triploid eggs with isogenic or near-iso-
genic genotypes as well as haploid eggs with recombi-
nant genotypes (Matsubara et al. 1995; Arai and Mukaino 
1997, 1998; Zhang et al. 1998). While the former unre-
duced eggs were found to be produced by the mecha-
nism of premeiotic endomitosis—chromosome doubling 
before meiosis is entered (Arai and Mukaino 1997; Zhang 
et al. 1998), the latter haploid eggs were generated by the 
mechanism of meiotic hybridogenesis (Arai and Mukaino 
1998; Zhang et al. 1998). A similar reproductive mecha-
nism was also detected in allopentaploid females, and 

meiotic hybridogenesis was presumably involved in their 
oogenesis (Matsubara et al. 1995; Zhang and Arai 1996). 
However, allotriploid and allopentaploid males were ster-
ile, and accumulations of hexaploid- and decaploid-range 
cells, respectively, were frequently observed in the tes-
tes (Matsubara et al. 1995; Zhang and Arai 1996; Zhang 
et al. 1998). This predominance of polyploid testicular 
cells suggested that replication of triploid and pentaploid 
germ cells followed by the accumulation of the resultant 
hexaploid and decaploid cells, respectively, took place 
without them entering meiotic division (Zhang and Arai 
1996; Zhang et al. 1998, 2002). An accumulation of rep-
licated germ cells was a common characteristic of sterile 
male autotriploids and inter-specific or inter-populational 
male hybrids (Fujimoto et al. 2008; Zhao et al. 2016), as 
previously reported in interspecific hybrids of other fish 
species (Shimizu et al. 1997).

Hybridization and clonal reproduction

As described above, meiotic incompatibility between het-
ero-specific genomes or non-homologous chromosome sets 
derived from two genetically different biotypes may trigger 
the mechanisms that shift the reproductive system from ste-
rility to atypical fertility in allopolyploids. Atypical clonal 
reproduction in the dojo loach likely originated in a past 
hybridization event between ancestors of two diversified 
groups, A and B (Yamada et al. 2015; Fujimoto et al. 2017; 
Kuroda et al. 2018, 2021b). In diploid clonal females and 
sex-reversed clonal males, meiotic incompatibility, presum-
ably detected by early germ cells in advance before meiosis, 
may have induced chromosome doubling by endomitosis to 
ensure the formation of isogenic diploid gametes by sister 
chromosome pairing, as shown by the 50 bivalents (Itono 
et al. 2006; Yoshikawa et al. 2009; Kuroda et al. 2018, 
2021b).

It was reported that unreduced eggs laid by artificially 
synthesized hybrids between contemporary different bisex-
ual species or biotypes could not automatically initiate 
gynogenesis in almost all cases (Johnson and Wright 1986; 
Shimizu et al. 2000; Lampert et al. 2007; Arias-Rodriguez 
et al. 2009; Choleva et al. 2012; Marta et al. 2023). Thus, 
synthetic hybrids can produce unreduced eggs, but they 
normally incorporate a sperm nucleus to become triploid 
zygotes in most cases. Among the huge numbers of such 
unreduced eggs of hybrid-origin females, gynogenetic abil-
ity might have been rarely obtained in a very limited number 
of unreduced eggs by mutation, leading to the establishment 
of clonal lineages. However, how such a gynogenetic muta-
tion takes place in an ancestral hybrid loach and then main-
tains clonal lineages by stable reproduction using sperms 
of sympatric gonochoristic parental wild-type fish is still 
unknown.
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Timing of chromosome duplication and elimination

There is another argument about the differences in the timing 
and germ cell stage in the occurrence of chromosome dou-
bling or endomitosis in the all-female Cobitis  (Dedukh et al. 
2021) and the sex-reversed male Misgurnus clone (Yoshi-
kawa et al. 2009). This ambiguity may be resolved in the 
near future by the identification of the duplication time and 
germ cells in female Misgurnus clones by molecular cytoge-
netic, immunohistochemical, ultrastructural (electron micro-
scopic), transcriptomic, and other effective approaches. In 
the Cobitis clones, males are absent or sterile. Thus, analyses 
of both sexes of Misgurnus clones are especially important 
for drawing any conclusions. Although sex-reversed clonal 
males produced isogenic diploid spermatozoa (Yoshikawa 
et al. 2007), their concentration and motility were poorer 
than those of control haploid spermatozoa, and thus it is gen-
erally difficult to fertilize enough eggs (Zhao et al. 2012a, b). 
This lower fertility may be a state preceding the occurrence 
of male-specific sterility of the clone, a state often found 
in other unisexual fishes (Arai and Fujimoto 2013; Dedukh 
et al. 2021; Tichopád et al. 2022).

Natural allotriploids which occurred by the accidental 
incorporation of a haploid sperm nucleus into the clonal dip-
loid genotype exhibited meiotic hybridogenesis (Morishima 
et al. 2008c). This mechanism had already been observed in 
allotriploid females between tetraploids and diploids. Clone-
origin allotriploid males were sterile, and meiotic configura-
tions comprising inter-group and intra-group bivalents and 
intra-group univalents were observed (Kuroda et al. 2019). 
As reported in other allotriploid biotypes, males with a 
bivalent-univalent complex turned sterile (Morishima et al. 
2008c). The question that arises is: why do the clone-origin 
allotriploids reproduce not by unreduced egg formation but 
by meiotic hybridogenesis? A similar question may also be 
raised for allotriploids between Japanese diploids and exotic 
tetraploids, which simultaneously produced both unreduced 
triploid eggs and hybridogenetic haploid eggs. We do not 
know the mechanism responsible for triggering the duplica-
tion and elimination of unmatched chromosomes that are 
unable to find counterparts to form bivalents at the synapsis 
stage.

Presence or absence of major gene(s) for clonal 
reproduction

Very recently, molecular cytogenetic and transcriptomic 
approaches were employed in unisexual Amazon molly, 
which reproduces by apomixis (Dedukh et al. 2022). The 
researchers successfully found the involvement of achias-
matic meiosis in the failure to form bivalents, but did not 
identify any involvement of known meiotic genes in uni-
sexual reproduction. In apomictic Amazon molly, meiotic 

genes are found to be expressed as in bisexual parental spe-
cies (Dedukh et al. 2022). Further studies, especially on 
the dysregulation of proteins presumably synthesized by 
meiosis-related genes in the process of gametogenesis, are 
necessary to answer these questions. In different kinds of 
unisexual fishes, such as dojo loach, which produce gyno-
genetically developing unreduced eggs by the mechanism 
of premeiotic chromosome duplication, the transcriptomes 
in the course of meiosis and gametogenesis have not been 
analyzed so far. However, clonal diploid loaches undergo 
unreduced gametogenesis due to premeiotic genome dou-
bling, while clonal tetraploid loaches, which are geneti-
cally identical to the clonal diploid except for the number of 
chromosome sets, proceed through regular meiosis to form 
diploid gametes (Morishima et al. 2012). Thus, in the dojo 
loach, clonal reproduction may be determined not by special 
major gene(s) but presumably by certain biological changes 
brought on by the different constitution and dose of chro-
mosomes in the germ cells. Furthermore, unreduced game-
togenesis is suggested to be intrinsic to the hybrid status, 
based on the results from germ cell transplantation experi-
ments in Cobitis (Tichopád et al. 2022).

Genetic sex and aberrant or atypical reproduction

The sex determination system in polyploid fishes remains an 
important issue. A balanced sex ratio (females:males = 1:1) 
was seen in the progenies of both autotetraploid and 
autohexaploid dojo loach, just as in wild-type diploids, 
although genotypes including multiple numbers of sex-
determining Y chromosomes (or genes), such as XXYY, 
XXXY in tetraploids and XXXXYY in hexaploids, are pre-
dicted (Arai et al. 1999; Arai and Fujimoto 2013). In hybrids 
and polyploids using various biotypes of the dojo loach and 
its related species, the relationship between reproductive 
capacity and genetic sex is still unknown because the sex-
determining gene has not been identified in the loach spe-
cies. Future studies are needed to comprehend the interfaces 
among genetic sex, meiotic configuration, aberrant (sterile or 
aneuploid) or atypical (unreduced or hybridogenetic) game-
togenesis, and unisexual (clonal) development in hybrid, 
polyploid, and clonal (unisexual) biotypes of the dojo loach. 
These studies may give insights into the mechanisms and 
evolution of atypical reproduction in vertebrates and aid the 
development of new biotechnology to establish aquaculture 
strains with improved performance.
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