HOKKAIDO UNIVERSITY

. Genomic Constitution and Atypical Reproduction in Polyploid and Unisexual Lineages of the
Title ; "
Misgurnus Loach, a Teleost Fish
Author (s) Arai, K.; Fujimoto, T.
Citation Cytogenetic and Genome Research, 140(2-4), 226-240
https://doi.org/10.1159/000353301
Issue Date 2013-07
Doc URL https://hdl. handle.net/2115/55011
Rights ©2013 S. Karger AG, Basel
Type journal article
File Information CGR 8991 TextV2, pdf

kaido
wo¥ U"/Ls

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




© 00 I O Ot b~ W DN =

Lo W W W W W W N DN DN DNDNDNDNDNDNDN H H R e
A Ot A WN H O © 00 O Ot kxR WD O ©W 0 g 0o o0k W= O

Genomic constitution and atypical reproduction in polyploid and unisexual lineages of the
Misgurnus loach, a teleost fish

Katsutoshi Arai and Takafumi Fujimoto
Faculty of Fisheries Sciences, Hokkaido University,
Hakodate 041-8611, Japan

Abstract

The loach (Misgurnus anguillicaudatus) is an excellent animal model to elucidate biological origin
and evolutionary significance of genome duplication and unisexual reproduction because artificially
induced and naturally occurring polyploids and parthenogenetic (gynogenetic, androgenetic) animals
can be compared. First, we summarize the chromosome manipulation techniques to induce triploids
and tetraploids by inhibiting meiotic or mitotic divisions of inseminated eggs, respectively, as well as
parthenogenetic animals, obtained after fertilization with genetically inactivated gametes. Then, we
review the knowledge on natural polyploid and unisexual lineages found in Misgurnus loaches. A
natural diploid-tetraploid complex occurs in wild populations in central China, and these diploid and
tetraploid loaches reproduce bisexually. Chinese tetraploids are considered autotetraploid, which
may have arisen by doubling of the entire genome of an ancestral diploid, based on cytogenetic
results from FISH (fluorescence in situ hybridization) karyotypes and meiotic configurations. In
contrast, gynogenetically reproducing clonal diploid lineages have been discovered in a few wild
populations in Japan, although most wild-type individuals are bisexually reproducing diploids. Such
clonal diploid loaches sometimes produce triploid progeny by accidental incorporation of a sperm
nucleus into an unreduced diploid egg, and the resulting triploid generates haploid eggs by meiotic
hybridogenesis. Unreduced diploid gametes of clonal loaches are generated by a cytological
mechanism, premeiotic endomitosis, which likely occurs in the early (gonium stage) germ cells.
Initiation of gynogenetic development is related to a failure of decondensation of the male (sperm)
pronucleus in unreduced diploid eggs of a clonal loach. Clonal lineages may have arisen from a past
hybrid event between genetically divergent groups, but their exact origins are unknown at present.

See also sister article focusing on plants by Hegarty et al. in this themed issue.

Avrtificially induced polyploids and unisexual organisms may exhibit different
reproductive traits and other biological characteristics from those found in natural
polyploids and unisexual organisms because the origin and the mechanisms of
occurrence of these biotypes are presumably different. However, it is difficult to
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compare biological traits between induced and natural polyploids and those between
bisexual wild-type and unisexual organisms in the same species because not all species
have natural polyploids and unisexual organisms. The loach Misgurnus
anguillicaudatus, or Oriental weatherfish, is a unique model fish suitable for such a
comparison because (1) various chromosome set manipulation techniques and genetic
backgrounds have been well developed and studied in this species, and (2) certain wild
populations include natural polyploid as well as gynogenetically reproducing clonal
diploid individuals. In this paper, we briefly describe the status of induction techniques
of artificial polyploid and unisexual (gynogenetic and androgenetic) loaches and their
performances. Furthermore, we review the probable origin of natural polyploid and
clonal loaches based on cytogenetic and experimental genetic results as well as putative
mechanisms of atypical reproduction in these natural biotypes and their progeny.

Chromosome Set (genome) Manipulation

Chromosome set or genome manipulation represents a system of techniques to
produce artificial polyploid and unisexual progeny by altering the number or
combination of the chromosome set of a target species. The biological rationale,
technical development and aquaculture applications of genome manipulation have been
well reviewed by Purdom [1983], lhssen et al. [1990], Pandian and Koteeswaran
[1998], Arai [2000, 2001], Devlin and Nagahama [2002], Komen and Thorgaard [2007],
and Piferrer et al. [2009]. A recent publication by Pandian [2011] also provided a
comprehensive review of these topics, especially from the viewpoint of sex
determination of fishes.

Like most other vertebrates, teleost males produce haploid spermatozoa by a
complete spermatogenetic process, including meiosis and subsequent spermiogenesis,
whereas females ovulate mature (physiologically fertile) eggs that have not completed
meiosis: ovulated eggs are arrested at the metaphase of the second meiotic division (Ml
arrest). In teleosts, the resumption of MII occurs in eggs by stimulation of sperm
intrusion through the micropyle, and the activated egg extrudes the second polar body
with a haploid set of chromosomes to complete meiosis. Next, the egg nucleus becomes
the female pronucleus and fuses with the male pronucleus, which is decondensed from
the sperm nucleus (karyogamy). The fertilized egg initiates synchronous cell divisions
(cleavage) that continue until the mid-blastula transition stage.

Most teleosts are oviparous, and thus, females spawn their eggs to the outer
environment; fertilization and subsequent embryogenesis occur outside of the female
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body. Therefore, the collected eggs and sperm can be easily inactivated by ultraviolet
(UV), X-ray or gamma-ray irradiation. UV has routinely been used to inactivate sperm
nuclei for induction of gynogenesis (unisexual development with all-female inheritance)
as well as egg nuclei of fish with small egg-sizes for induction of androgenesis
(unisexual development with all-male inheritance), without special facilities for safety.
When eggs are fertilized with genetically inactivated sperm, gynogenesis commences.
When genetically inactivated eggs are fertilized by normal sperm, androgenetic
development occurs. Recently, a new androgenesis induction technique, cold-shock
androgenesis without any irradiation of the egg nucleus, was described [Morishima et
al., 2011].

Gynogenetic and androgenetic haploid embryos can develop until hatching or
before first feeding, but these embryos inevitably die due to expression of abnormalities
collectively referred to as the ‘haploid syndrome’. To obtain viable gynogenetic and
androgenetic progeny, a haploid genome should be duplicated just after fertilization or
through early cleavage. Mature eggs complete MII after fertilization in teleosts, and thus,
chromosomes can be duplicated by inhibiting the release of the second polar body
immediately after initiation of haploid development. The release of the second polar
body can be suppressed by treating gynogenetically activated eggs with thermal (cold or
heat) or hydrostatic pressure shock. When eggs are fertilized by an intact normal
haploid sperm and then treated to inhibit the release of the second polar body just after
fertilization, the resultant embryos are triploids comprising a haploid set of egg nucleus,
a haploid set of sperm nucleus and an additional haploid set of a second polar body
nucleus.

Another timing to duplicate the haploid set of chromosomes is during the
process of mitosis or cleavage after initiation of embryonic development. The nucleus
of a fertilized egg commences replication to enter mitosis, and the nucleus then
proceeds to the M phase of the cell cycle, when spindles are formed from the
centrosomes located at the poles of the cell and when the chromosomes are aligned
along the equator. Subsequently, sister chromatids are separated and distributed into
each daughter cell. If cell division can be inhibited at the M phase, more strictly at the
pro-metaphase of the first cleavage, just after the replication of the nucleus, by physical
shock such as heat, cold, or hydrostatic pressure treatment, the resulting embryos can
become doubled haploids (DHs) with 2 sets of homologous chromosomes due to
artificially induced endomitosis (endoreduplication). When cell division is inhibited at
the optimum timing of the first cleavage of normally fertilized eggs, the resultant
progeny are expected to be tetraploid.
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As a mechanism of chromosome doubling, the physical treatment at the time of
metaphase of the first cleavage (first cell cycle) did not inhibit the first mitosis, but the
second mitosis [Zhang and Onozato, 2004]. Because the bipolar spindle was once
disrupted by the treatment, it was immediately regenerated, and thus, the first cleavage
could proceed. Subsequently, a unipolar spindle was formed in each blastomere of the
2-cell stage embryo. Such a cytological situation must suppress the second cleavage to
double chromosomes without cytokinesis (endomitosis). Therefore, treated embryos
resulted in considerably longer second mitotic division duration because the cleavage
was prevented. DH individuals (completely homozygous diploid gynogenics or
androgenics) often demonstrate very low survival rates, but these individuals are
indispensable for providing genetically identical gametes for cloning by the second
cycle of gynogenesis (polar-body gynogenesis) and androgenesis (inhibition of mitosis).

Artificially Induced Polyploids: General Performance and
Reproductive Capacity

Autotriploid Fishes

Autotriploid fish with 3 sets of a conspecific genome or homologous
chromosomes can be produced by inhibiting the release of the second polar body just
after normal fertilization. Such autotriploid fishes have been artificially induced in many
species, and their growth, reproductive and other physiological performances have been
studied for aquaculture applications [Piferrer et al., 2009]. In general, most triploid
females exhibit sterility because most oocytes cannot enter into the meiotic process due
to synaptic abnormalities caused by the presence of an odd chromosome set number.
Thus, the triploid ovary never enters into the subsequent vitellogenic stage. In contrast,
a different testicular development has been recognized among triploid males. Triploid
males can develop their testes until they achieve a similar size of their diploid
counterparts. In the testes of triploid males, spermatogonia can proliferate and
differentiate into spermatocytes, spermatids and spermatozoa, and subsequently, mature
triploid males produce a small quantity of sperm, including aneuploid (approximately
1.5n) spermatozoa or spermatozoon-like cells, without normal fertility. Induced
autotriploid fishes often exhibit better growth than their diploid counterparts, when
compared during spawning, and such an outperformance can be explained by energy
reallocation from gonadal maturation to somatic growth. Above-mentioned
performances are also recognized in artificially induced triploid Misgurnus loaches
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[Suzuki et al., 1985a; Kim et al., 1994; Arai and Inamori, 1999; Zhang and Arai,
1999b].

Allotriploid Fishes

An allotriploid is defined as a triploid comprising at least 1 set of
non-homologous chromosomes from different species and can be artificially induced by
inhibition of the release of the second polar body after interspecific hybridization. In
several combinations of hybridization among salmonid species, diploid hybrids were
inviable and barely hatched due to severe malformation, but artificially induced triploid
hybrids exhibited a drastic improvement of survival, and the resultant viable hybrids
hatched, survived and grew [Scheerer and Thorgaard, 1983; Arai, 1984, 1986, 1988;
Gray et al., 1993]. A similar improvement in viability was also reported for
allopolyploid hybridizations between Misgurnus or Cobitis loaches and goldfish,
common carp, and minnow [Kijima et al.,, 1996a, b]. Although the molecular
mechanisms responsible for the recovery of survival by the elevation of ploidy status
are still unknown, gene compensation by the presence of additional gene copies
supplied by an additional maternal genome is presumably important.

Most allotriploid fishes exhibit sterility, probably due to similar mechanisms
acting in autotriploids. However, in the artificial allotriploid Misgurnus loach, including
2 chromosome sets of M. anguillicaudatus and 1 chromosome set of M. mizolepis,
fertile males appeared and produced fertile haploid sperm probably by the elimination
of the paternal chromosome set of M. mizolepis, and subsequent synapsis and meiosis
between 2 homologous chromosome sets from conspecific M. anguillicaudatus
[Fujimoto et al., 2008]. Genome elimination is also found in natural triploid females and
is called ‘meiotic hybridogenesis’ (see section Mechanisms of Unreduced
Gametogenesis and Gynogenesis). Sterility was predicted in female allotriploid hybrids
from crosses between M. anguillicaudatus and M. mizolepis by histological observation
[Park et al., 2006].

Tetraploid Fishes

Tetraploids can be induced by inhibition of the first cleavage after normal
fertilization, but the survival rates of the resultant tetraploid progeny are extremely low
[Piferrer et al., 2009]. Such low viability is likely due to a physiological disturbance
caused by an elevation of ploidy status [Sakao et al., 2006]. Once a fertile tetraploid line
has been established, it is possible to maintain tetraploid lines by cross-breeding
tetraploid females and males because they are expected as a source of diploid gametes
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for further expansion of ploidy manipulation [Chourrout et al., 1986; Chourrout and
Nakayama, 1987; Nam et al., 2001; Nam and Kim, 2004].

In artificial induction of tetraploidy, mosaics often appeared, and they included
both diploid and tetraploid cell populations [Chourrout and Nakayama, 1987; Yamaki et
al., 1999; Fujimoto et al., 2012]. Such mosaic individuals simultaneously spawn both
haploid and diploid gametes, and some diploid gametes are useful for establishing a
tetraploid line [Yamaki et al., 1999; Yamaki and Arai, 2000]. Thus, diploid-tetraploid
mosaic individuals are presumably useful sources of diploid gametes, if their gonads
include tetraploid germ cells.

Generally, artificially induced tetraploids showed poor survival and growth
performance when compared with diploid and induced triploid conspecific counterparts
[Chourrout et al., 1986].

Artificially Induced Unisexual Organisms

Meiotic or Polar-Body Gynogenesis

Viable gynogenetic diploid progeny can be induced by fertilization with
UV-irradiated sperm, followed by inhibition of the second polar body release as
described above in section Chromosome Set (genome) Manipilation. Such meiotic or
polar-body gynogenetic diploids have been used to induce unisexual (all-female)
populations in species such as loach [Suzuki et al., 1985b], with male heterogametic sex
determination (XX female, XY male). Sex-reversed gynogenetic diploid males with XX
chromosomes have also been utilized to produce all-female progeny in the next
generation by cross-breeding with a normal female with XX chromosomes. For a
female heterogametic system (ZW female, ZZ male), gynogenesis may produce a WW
super-female, which will produce all-female population by cross-breeding between WW
females and ZZ males [Cotton and Wedekind, 2007; Omoto et al., 2005].

Meiotic or polar-body gynogenetic diploids are likely homozygous, except in
regions of chromosomes where recombination (cross-over) occurs. Such meiotic diploid
gynogenics are partially heterozygous due to recombination and cannot generate
isogenic gametes. Half-tetrad analysis on frequencies of recombinant heterozygotes
among meiotic diploid gynogenics can map gene(s) or DNA marker(s) in relation to the
centromere of the chromosome [Thorgaard et al., 1983; Morishima et al., 2001; Komen
and Thorgaard, 2007].

DHs, Mitotic Gynogenetic and Androgenetic Diploids
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DHs have been produced in both freshwater and marine fish species and used as
a source of isogenic gametes because DHs are equivalent to inbred lines [Komen and
Thorgaard, 2007]. Cloned lines have been established in a limited number of fish
species [Komen and Thorgaard, 2007]. Once homozygous clonal lines have been
established, heterozygous clones with better performances, likely due to heterosis, can
be produced by cross-breeding between a female from the one clonal line and a male
from another clonal line. Heterozygous clone-like lines are produced in F, gynogenetic
loaches by repeating meiotic or polar-body gynogenesis: proximal chromosome regions
become homozygous, i.e. inbred, while distal regions maintain a similar heterozygous
genotype [Arai, 2001].

Androgenesis as a Tool for Gene Banking and Restoration of Endangered

Genotypes

Sperm is a better material for cryopreservation than eggs because the sperm
structure is simple and because a sufficient number of cells are easy to obtain. Therefore,
sperm cryopreservation is a powerful tool for gene banking. Theoretically, it is possible
to recover an individual from a spermatozoon of an endangered target species by
artificial androgenesis, using genetically inactivated eggs from closely related species.
However, there are 2 challenges to reduce viabilities of induced androgenesis: (1)
genetic inactivation of eggs and (2) genome duplication by inhibition of mitosis; the use
of diploid sperm can eliminate the side effect of treatments for chromosome duplication
in production of viable androgenetic diploids. Dispermic fertilization using fused sperm
has realized the production of viable androgenics [Araki et al., 1995; Nagoya et al.,
2010]. Production of viable androgenics was successfully accomplished in loaches
using the diploid sperm of natural tetraploid, neo-tetraploid and sex-reversed clonal
diploid males (see sections Experimental Evidence of Genetic Tetraploidy and Natural
Clone and Clone-Origin Triploid).

Natural Tetraploid Loaches

Both tetraploid (4n = 100) and diploid individuals (2n = 50) appear in the loach
M. anguillicaudatus (Cobitidae) corresponding to wild populations in the Chang Jiang
river system, central China [Yin et al., 2005; Li et al., 2008]. These tetraploid loaches
reproduce bisexually, similar to their wild-type diploid counterparts [Zhou et al., 2010;
Li et al., 2012, 2013]. Therefore, M. anguillicaudatus in central China comprises a
diploid-tetraploid complex within the same species, and, as a result, this loach can be
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used as a model system to elucidate the mechanisms responsible for natural
polyploidization. However, no such diploid-tetraploid complex has been identified in
other wild populations in China [Li et al., 2008] or Japan [Zhang and Arai, 1999a; Arai,
2003]. Tetraploid loaches have often been found in Japanese market samples, but these
loaches are commercially imported from China as foods and live bait for fishing
because no tetraploid individuals have yet been discovered in wild populations in Japan,
even after intensive screening [Ojima and Takai, 1979; Arai et al., 1991a; Zhang and
Arai, 1999a; Arai, 2003].

Karyotype and Meiosis

Cytogenetic research using FISH (fluorescence in situ hybridization) with rDNA
probes, AG-NORs (nucleolus organizer regions) and CMAj; (chromomycin A3)/DA
(distamycin A) staining revealed that diploid loach chromosomes (2n = 50) were
categorized into 5M (metacentric), 2SM (submetacentric) and 18T (telocentric)
chromosome pairs, while tetraploid chromosomes (4n = 100) were categorized into 5M,
2SM, and 18T quartets [Li et al., 2010]. Diploid has 2 homologous chromosomes with
rDNA sites detected by FISH and differential staining, whereas there are 4
rDNA-bearing homologues in tetraploid [Li et al., 2010]. Thus, tetraploid loaches have
twice the number of chromosomes compared with diploid.

Regarding the occurrence of natural tetraploidy in loaches, 2 evolutionary
hypotheses have been elucidated: (a) autotetraploidy (doubling of the entire genome)
and (b) allotetraploidy (or amphidiploidy, i.e. duplication of each non-homologous
genome of a hybrid) (fig. 1). In autotetraploid species, quadrivalent (I\V) configurations
are expected in meiotic divisions because 4 homologous chromosomes may have a high
affinity to form a quartet. For example, tetraploid frog species were reported to exhibit
many quadrivalents, suggesting an autotetraploid origin [Becak et al., 1966; Schmid et
al., 1985]. In contrast, allotetraploids (or amphidiploids) presumably exhibit meiotic
configurations exclusively with bivalents (I1) because 2 sister chromosomes (duplicated
from each parent chromosome) can behave as homologous chromosomes forming
bivalent pair configurations, similar to polyploid plant species [Jenkins and Jimenez,
1995].

In the diploid-tetraploid complex of the Chinese loach, meiotic chromosome
configurations have been examined in spermatocytes by conventional air-dry
preparation and in oocytes by in vitro induction of final maturation and subsequent
isolation of germinal vesicle during its migration to the animal pole [Li et al., 2011].
Spermatocytes of diploid loaches provided 2511, formed by pairing 50 chromosomes.
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Diploid loaches also resulted in 2511 in the germinal vesicle of oocytes, which
confirmed the diploid chromosome number of 50. Conversely, the tetraploid gave
meiotic metaphases, including several quadrivalents in both spermatocytes and oocytes.
In tetraploid spermatocytes, metaphase with 41V and 4211 represented the most frequent
configurations, but other configurations such as 5011, 21V + 4611, 31V + 4411, 51V + 40Il,
and 61V + 3811 were also observed [Li et al., 2011]. Various configurations were found
in the germinal vesicles of oocytes, but the most frequent configuration was ring-like
31V and 4411, with 100 chromosomes in total [Li et al., 2011].

Doubling of the entire genome presumably occurred in an ancestral diploid loach,
and the resultant 4 homologues would have made quadrivalent configurations during
meiosis because of the high affinities of homologues (fig. 1). However, contemporary
tetraploid loaches show not only several quadrivalents, but also many bivalents that may
have resulted from pairwise differentiation among chromosomes within each quartet,
through a chromosome rediploidization process (fig. 1). Because quadrivalents reduce
reproductive capacity of zygotes, mainly by irregular meiotic divisions causing the
production of unusual (e.g. hypo- and hyper-diploid) gametes, the contemporary
tetraploid loach is now genetically and cytogenetically stable, due to the decrease of
quadrivalents and the increase of bivalents through immediate rediploidization
subsequent to chromosome doubling.

Experimental Evidence of Genetic Tetraploidy

Progeny resulting from cross-breeding of gametes from diploid and tetraploid
loaches, followed by chromosome set manipulation, are shown in figure 2. When
gynogenetic progeny are artificially induced from eggs of diploid loaches (2n = 50) by
fertilization of genetically inert (UV-irradiated) sperm (fig. 2a), resultant haploid
progeny (n = 25) die before hatching or feeding due to the haploid syndrome [Suzuki et
al., 1985b; Suwa et al., 1994]. Artificially induced androgenics are also inviable because
of the haploid syndrome [Arai et al., 1992; Fujimoto et al., 2007]. Salmonid species and
common carp are likely of tetraploid origin, with approximately 100 chromosomes or
chromosome arms, but the gynogenetic progeny induced from eggs of these species
exhibit the haploid syndrome because they must be genetically diploid at present after
completion of rediploidization [Nagy et al., 1978; Chourrout et al., 1980]. The European
loach, M. fossilis, has 100 chromosomes, but its induced gynogenetic progeny are
inviable [Neyfakh, 1964; Romashov and Belyaeva, 1964], suggesting that this species is
no longer genetically tetraploid (4n = 100), but diploid (2n = 100). In contrast,
gynogenetic progeny induced from eggs of tetraploid M. anguillicaudatus loaches with
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100 chromosomes were viable without the expression of the haploid syndrome because
these progeny had 2 sets of chromosomes (diploid genomes) [Arai et al., 1991b, 1993;
Li et al., 2013]. Androgenics from sperm of natural tetraploid males are also viable
[Arai et al., 1995]. These results indicate that loaches with 100 chromosomes are
genetically true tetraploid (4n = 100) with 4 sets of functional genomes.

Tetraploid lines were established by cross-breeding using diploid gametes of
natural tetraploid individuals found in Japanese market samples, as shown in figure 2i
[Arai et al., 1991b, 1993; Zhang and Arai, 1996; Arai, 2001, 2003]. Both females and
males appeared in the progeny, at a normal sex ratio of 1:1, and these progeny produced
fertile diploid gametes [Arai et al., 1999; Arai, 2001, 2003; Li et al., 2012, 2013] (table
1). When the release of the second polar body was artificially inhibited by hydrostatic
pressure treatment of the eggs of tetraploid females, just after fertilization with diploid
sperm from tetraploid males, hexaploid (6n) progeny were successfully induced [Kijima
et al., 1996b; Zhang and Arai, 1996] (fig. 2j). These hexaploid loaches produced fertile
triploid gametes (eggs and sperm) after growth and maturation [Arai et al., 1999]. These
results strongly suggest that contemporary tetraploid loaches are not genetic diploids
(2n = 100), but genetic tetraploids (4n = 100) because the resultant progeny with 150
chromosomes are not sterile triploids (3n = 150), but fertile hexaploids (6n = 150). In
fish, artificially induced triploids with an extra set of chromosomes often exhibit
sterility as described in section Artificially Induced Polyploids: General Performance
and Reproductive Capacity.

Natural tetraploid loaches (4n = 100) can be used as a source of diploid gametes
(eggs and sperm) for further expansion of chromosome set manipulation studies [Arali,
2001, 2003; Yoshikawa et al., 2008]. Various ploidies and genomic constitutions can be
induced by a combination of diploid gametes from tetraploids and using chromosome
set manipulation as outlined in part in figure 2b—k [Matsubara et al., 1995; Zhang and
Arai, 1996; Arai et al., 1999; Arai, 2001, 2003; Zhang et al., 2002]. Reproductive
characteristics of various kinds of progeny of natural tetraploid loaches are summarized
in table 1.

Interestingly, tetraploid and hexaploid loaches exhibit retarded growth. When
the growth performance was compared among diploid, triploid and tetraploid loaches,
under communal rearing conditions in the same tank, 3-year-old tetraploid loaches
exhibited significantly slower growth rates than the diploids or triploids [Horie et al.,
2004a]. Three-year-old hexaploid loaches exhibited about half the body weight of their
tetraploid and pentaploid counterparts under communal rearing conditions [Horie et al.,
2004b]. When genetically identical clonal diploid and clonal tetraploid loaches were
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communally reared, significantly retarded growth was detected in the tetraploid clone,
suggesting that the ploidy level alone influenced the growth-trait [Morishima et al.,
2012]. In contrast, higher condition factors were reported in natural tetraploid loaches
than in diploids and triploids in wild samples from natural populations of China [Li et
al.,, 2012]. Comparative 15-month studies demonstrated an improved growth of
tetraploid loaches compared with diploid loaches [Zhou et al., 2010].

Triploid Loaches from Crosses between Tetraploid and Diploid Loaches

In central China, triploid loaches were detected together with diploid and
tetraploid individuals but at a relatively low frequency, and few triploid individuals
appeared in other locations [Li et al., 2008]. Considering similar or identical haplotypes
(sequences) of mtDNA control regions in diploid, triploid and tetraploid individuals
[Morishima et al., 2008a; unpublished data], the differentiation may be recent, and
triploid individuals might appear by cross-fertilization between diploid and tetraploid
individuals, at least in central China.

In triploid progeny produced by hybridization between tetraploids and diploids
under laboratory conditions, males were generally sterile [Matsubara et al., 1995; Arali,
2001, 2003], as reported for artificially induced triploid loaches [Suzuki et al., 1985a;
Zhang and Arai, 1999b; Arai and Inamori, 1999] and induced triploids of other fish
species [Piferrer et al., 2009] (see section Artificially Induced Polyploids: General
Performance and Reproductive Capacity). Production of a small quantity of sperm,
including aneuploid (1.2n-2.2n) spermatozoa, was recently reported for natural triploid
males from wild populations in China [Li et al., 2012]. In contrast, triploid (diploid x
tetraploid) females simultaneously generated large triploid eggs, small haploid eggs and
sometimes aneuploid (1.4n-1.5n) eggs; all of these eggs were fertile [Matsubara et al.,
1995; Arai and Mukaino, 1997, 1998; Zhang et al., 1998; Arai, 2001, 2003; Momotani
et al., 2002] (table 1). However, the frequencies of triploid, haploid and aneuploid eggs
varied between individuals; some females gave a relatively large proportion of triploid
eggs, while others exclusively spawned haploid eggs. The simultaneous production of
eggs with different sizes is presumably due to the difference in the ploidy status of the
early germ cells (oogonia or spermatogonia) from which gametogenesis begins. The
mechanisms responsible for the occurrence of large and small eggs will be discussed in
section Mechanisms of Unreduced Gametogenesis and Gynogenesis.

Pentaploid loaches produced by the tetraploid female x diploid male cross,
followed by the inhibition of the second polar body release (fig. 2h), laid diploid eggs,
and triploid (5n x 2n) and tetraploid progeny (5n x UV and inhibition of the second
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polar body release) appeared from the cross using such diploid eggs of pentaploid
female [Matsubara et al., 1995] (table 1). Unfortunately, the reproductive traits of
pentaploid males were uncertain because there was no access to adult males [Matsubara
etal., 1995].

Reproductive traits of triploid (diploid x tetraploid) female loaches are similar in
natural triploid females in China, which mainly generate haploid eggs [Li et al., 2012]
(clone-origin triploid females are described in the next section). The reproductive mode
of triploid (diploid x tetraploid) loaches is quite different from that of artificially
induced triploid females, which exhibit arrest of oogenesis [Zhang and Arai, 1999a].
The majority of studies on this topic were conducted in the 1990s and early 2000s, and
thus, Japanese wild-type diploid loaches were used for the cross-breeding with natural
tetraploids found in market samples (probably of Chinese origin). Recent genetic
studies indicated the presence of genetically different groups within the species
[Morishima et al., 2008a], and therefore, it is difficult to exclude the possibility that the
past diploid x tetraploid crosses were hybridization between Japanese wild-type diploid
and Chinese bisexual tetraploid loaches), which presumably have genetic differences.
Production and evaluation of triploids and other progeny are required to study crosses
between diploid and tetraploid individuals within the same genetic group.

Natural Clonal Loach, an Example in Teleosts

Most Japanese loaches are gonochoristic diploids, and natural triploid variants
appear in several locations at relatively low frequencies [Zhang and Arai, 1999a]. In the
Hirokami population (Niigata Prefecture, Honsyu Island, Japan), triploid males were
essentially sterile, while females laid many haploid and a few triploid eggs [Zhang and
Arai, 1999a], similar to the case of triploids resulting from crosses between diploid and
tetraploid loaches [Matsubara et al., 1995]. Triploids in this location likely derive from
a fertilization of diploid eggs produced by certain diploids with normal haploid sperm of
a wild-type diploid [Zhang and Arai, 1999a]. As mentioned above, no natural tetraploid
variants producing diploid gametes have been discovered in Japan, except in market
samples [Ojima and Takai, 1979; Arai et al., 1991a; Zhang and Arai, 1999a; Arai, 2003].
However, clonal diploid populations propagated by gynogenesis were discovered in the
northern area of Hokkaido Island and in Noto Peninsula, Honsyu Island, Japan
[Morishima et al., 2002, 2008a]. These populations exhibit different genetic and
reproductive characteristics compared with the diploid-tetraploid complex in China and
the above-described Hirokami loaches. Natural tetraploid loaches are considered
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autotetraploid with 4 functional sets of homologous chromosomes (see section Natural
Tetraploid Loaches), whereas clonal diploid loaches presumably have a hybrid origin
between genetically different groups (or cryptic or extinct species); their origin and
ancestors have not been identified. The reproduction and putative progeny of cryptic
clonal loaches are summarized in figure 3.

Natural Clone and Clone-Origin Triploid

Clonal lineages of diploid loaches were discovered in the northern area of
Hokkaido, Japan, using artificial induction of gynogenetic development with
UV-irradiated sperm and heterospecific sperm, and subsequent DNA genotyping;
however, the origin of these loaches remains unclear [Morishima et al., 2002]. Although
clonal diploid individuals are cryptic due to the lack of a morphological difference from
wild-type loaches, the eggs of cryptic clonal females can develop to normal loaches,
with identical genotypes, by spontaneous gynogenesis. Clonal diploid loaches spawn
genetically identical diploid eggs, most of which develop normally by gynogenesis
without any genetic contribution of the sperm donor. Analyses of mtDNA control
region sequences revealed that clonal loaches were genetically different from other
diploid wild-type loaches in Japan and China [Morishima et al., 2008a]. Multi-locus
DNA fingerprinting and random amplified polymorphic DNA analyses have identified
at least 4 different clonal lineages with identical or nearly identical mtDNA haplotypes
in several locations in Japan [Morishima et al., 2008a].

Clone-origin triploid individuals also appeared by sperm nuclear incorporation
into unreduced diploid eggs from clonal diploid females in several wild populations
[Morishima et al., 2002, 2008a]. Such triploid males were sterile [Oshima et al., 2005],
while the majority of females produced fertile haploid eggs by meiotic hybridogenesis
[Morishima et al., 2008b]. However, some females generated diploid, triploid and
aneuploid (1.1n-1.7n) eggs [Oshima et al., 2005].

Occasionally, diploid-triploid mosaic individuals appear in wild populations
[Morishima et al., 2002, 2004]. Such mosaics included both diploid and triploid cell
populations; diploid cells had clonal diploid genomes, while triploid cells possessed
both, a clonal diploid genome and an additional haploid genome from wild-type diploid
males [Morishima et al., 2004]. Diploid-triploid mosaic females laid meiotic haploid,
clonal diploid and unreduced triploid eggs simultaneously; clonal diploid eggs likely
differentiated from clonal diploid germ cells, while haploid and triploid eggs likely
differentiated from clone-derived triploid germ cells [Yoshikawa et al., 2007b].
Interestingly, diploid-triploid mosaic males produced fertile diploid spermatozoa with
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genetic identity, i.e. clonal sperm [Morishima et al., 2004]. Clonal diploid spermatozoa
differentiate from clonal diploid germ cells in the testis of diploid-triploid mosaics.
Clonal diploid lineages are essentially all-female because the sex determination system
of the loach is male heterogamety (XX female, XY male) [Suzuki et al., 1985b], where
clonal loaches develop by gynogenesis without contribution of a functional Y
chromosome. Triploid cells with XXY genotypes may induce testicular development,
and the gonadal environment may change the sexual differentiation of genetically
female clonal diploid germ cells during the spermatogenesis. Production of clonal males
has also been achieved by artificial sex reversal using 17-o methyltestosterone
administration, and the resultant sex-reversed clonal diploid males produced genetically
identical diploid spermatozoa [Yoshikawa et al., 2007a]. In nature, there is evidence of
female-to-male sex reversal by high temperature during sexual differentiation [Nomura
et al., 1998]. A putative representation of the cryptic clonal lineages and their derivative
progeny is shown in figure 3.

Diploid spermatozoa formed by diploid-triploid mosaics and sex-reversed clonal
diploids are useful as genetic materials for ploidy manipulation. However, physiological
differences were observed between diploid sperm of clonal diploid males and bisexual
tetraploid males. The motility of the diploid spermatozoa of clonal loaches was
generally poor due to low content of ATP [Zhao et al., 2012b], but diploid spermatozoa
of bisexual tetraploid loaches had a motility and fertility equivalent to haploid sperm of
wild-type diploid loaches [Li et al., 2012].

In other unisexual fishes, leakage of genes from a paternal host to a clone via
chromosome fragments has been observed [Lamatsch and Stock, 2009], but no such
phenomenon has been detected in loaches. However, chromosome fragments or
supernumerary B-chromosomes have been observed in several cases of loach progeny
[Zhang and Arai, 1999b, 2003; Zhang et al., 2002; Zhao et al., 2012a].

Mechanisms of Unreduced Gametogenesis and Gynogenesis

In M. anguillicaudatus, clonal diploid loaches produce unreduced diploid eggs
with genotypes identical to the somatic cells of the mother [Morishima et al., 2002].
Triploid loaches from the cross between diploid and natural tetraploid individuals often
lay unreduced triploid eggs that are genetically identical or similar to the somatic cells
of the mother [Arai and Mukaino, 1997]. Production of such unreduced isogenic eggs
may occur through either (a) apomixis or (b) premeiotic endomitosis [Dawley, 1989].
Alternatively, unreduced egg formation may occur through (c) automixis [Lampert et al.,
2007]. In automixis, meiosis is maintained, and diploid gametes are generated after
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meiosis by the fusion or duplication of meiotic products. Therefore, resulting diploid
products are not genetically identica and are essentially different from (a) and (b) to
produce isogenic gametes. Involvement of automixis has not been confirmed in
unreduced gametogenesis of Misgurnus loaches.

In apomixis, the first meiotic division (MI) is abortive to undergo recombination
and segregation of homologous chromosomes. This system is not a mechanism to form
unreduced gametes in loaches, but in silver crucian carp, Carassius auratus gibelio
[Cherfas, 1966] and C. a. langsdorfii [Kobayasi, 1976; Yamashita et al., 1993]. These
previous studies reported that a tripolar spindle formed at MI, and the first polar body
was not released. Thus, MI may be skipped to retain the original ploidy level of eggs
after meiosis. Unreduced egg formation in the Amazon molly, Poecillia formosa
[Monaco et al., 1984; Lamatsch and Stock, 2009] has also been attributed to apomictic
reproduction.

Premeiotic endomitosis is chromosome doubling before entering into meiotic
division followed by 2 successive divisions. In clonal diploid loaches, oocytes cultured
in vitro in the presence of 17-a-20-B-dihydroxy-4-pregnene-3-one underwent 2
successive meiotic divisions as in normal wild-type diploids: formation of the bipolar
spindle, the metaphase of M, segregation of chromosomes, first polar body release, and
the metaphase of MII [Itono et al., 2006]. In addition, the germinal vesicle of clonal
oocytes clearly showed the presence of 50 bivalents before Ml [Itono et al., 2006].
These results indicate that chromosomes are doubled by mitosis without cytokinesis
before meiosis, i.e. premeiotic endomitosis. The same mechanism also occurs in
oogenesis for formation of unreduced triploid eggs [Zhang et al., 1998]. Using the testis
of sex-reversed clonal males, Yoshikawa et al. [2009] concluded that chromosome
doubling occurs in the type A and early type B spermatogonial stage in spermatogenesis
for formation of unreduced diploid spermatozoa. This suggests that endomitosis likely
occurs to form unreduced eggs during the early oogonial stage, even for oogenesis of
clonal females.

Involvement of the premeiotic endomitosis system in unreduced gametogenesis
was cytologically confirmed in interspecific hybrids of medaka [Shimizu et al., 2000]
and triploid (diploid x tetraploid) loaches [Zhang et al., 1998]. Formation of unreduced
eggs has been reported in several present and past interspecific hybrids of teleosts,
including Poeciliopsis, Fundulus, Menidia, Carassius, Phoxinus, Squalius, and Cobitis
[Lamatsch and Stéck, 2009] and in the interpopulational hybrid M. anguillicaudatus
between genetic group A (northern area of Hokkaido) and B (central area of Hokkaido)
[Arias-Rodriguez et al., 2009, 2010]. These results suggest that a genomic conflict due
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to a hybrid event may trigger an atypical mode of reproduction. This process is
explained by the ‘balance hypothesis’ [Moritz et al., 1989]: a sufficiently large
interspecific genetic divergence causes the production of unreduced eggs, but a
moderate divergence decreases the viability and fertility of hybrids.

Formation of haploid eggs in triploid loaches can be explained by meiotic
hybridogenesis or the preferential pairing of homologous chromosomes and elimination
of unmatched chromosomes [Morishima et al., 2008b]. Clonal diploids are considered
products of a past hybridization event between 2 genetic groups (or cryptic species)
with putative genomic constitutions of AA and BB [Morishima et al., 2008a]. Hence,
the clone may have a heterozygous genomic constitution AB, and clone-origin triploids
may have genomic constitutions of AA’B or ABB’. In a clone-origin triploid with
AA’B, one genome (A) of the clone is more likely to pair to the genome (A’) from
present wild-type males in group A, while the unmatched B genome is discarded
[Morishima et al., 2008b]. The presence of genetic differences between northern
Hokkaido, including clonal lineages, and other locations was also supported by nuclear
genetic markers such as allozymes [Khan and Arai, 2002] and microsatellites
[Arias-Rodriguez et al., 2007].

The stage corresponding to elimination of the unmatched genome occurs before
meiosis because the germinal vesicle of the oocyte exhibits 25 bivalents (50
chromosomes) during MI in triploids [Morishima et al., 2008b]; however, further
studies are required in loaches. For meiotic hybridogenetic reproduction in the frog
species Rana esculenta, Ogielska [1994] concluded that elimination of chromosomes
occurs during the interphase in early oogonia and spermatogonia, and the chromosomes
or their fragments are rejected from the nucleus as nucleus-like bodies or micronuclei
based on histology and electron microscopy. A similar conclusion was reached in the
hybridogenetic fish P. monacha-lucida using cytology [Cimino, 1972]: the paternal
chromosomes could not attach to the mitotic spindle and were thus eliminated to the
cytoplasm of dividing oogonia. Ogielska [2009] clarified the timing of genome
elimination, but this mechanism is still unclear. Molecular mechanisms of unusual
events during gametogenesis such as chromosome doubling and chromosome
elimination are unknown, and further molecular biological studies are required to
elucidate these mechanisms.

Simultaneous occurrence of eggs with different ploidy status and sizes is
frequently observed even in non-mosaic triploid loaches (see section Triploid Loaches
from Crosses between Tetraploid and Diploid Loaches). This phenomenon may be
explained by the difference in the cytological mechanism of gametogenesis: premeiotic
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endomitosis will generate much larger triploid eggs in triploid females, whereas meiotic
hybridogenesis will generate small (normal) haploid eggs from triploid females.
However, the mechanisms of the simultaneous occurrence of 2 reproductive modes in
the same individual are unknown at present.

The failure of decondensation of the sperm nucleus is generally accepted as a
mechanism of gynogenetic development. In the natural gynogenetic silver crucian carp
C. a. langsdorfii, insemination by sperm of its diploid bisexual form or by sperm of
different species initiated gynogenetic development of eggs, but the incorporated sperm
nucleus was not decondensed and did not contribute to zygotic genome [Kobayasi,
1971; Yamashita et al., 1990]. In the clonal lineage of the loach M. anguillicaudatus,
the sperm nucleus remained condensed in most eggs throughout fertilization. During
early embryogenesis, the sperm nucleus was not decondensed to form a male
pronucleus and isolated itself from the female pronucleus [Itono et al., 2007]. However,
some eggs showed quasinormal syngamy between the female pronucleus and an
accidentally formed male nucleus; this individual then developed to a triploid animal.
The syngamy between an activated sperm nucleus and a nucleus of a blastomere of
gynogenetically developed embryo results in a diploid-triploid mosaic embryo [Itono et
al., 2007].

Clonal Diploid versus Clonal Tetraploid

When sex reversal is conducted by androgen treatment or environmental
influences (high temperature) during the sex differentiation period, clonal diploid males
can be induced (fig. 3). Fertilization of clonal diploid eggs from a clonal female with
diploid sperm of a sex-reversed clonal diploid male normally produces gynogenetic
diploid progeny; however, tetraploid clones are sometimes generated by accidental
incorporation of a diploid nucleus of a clonal sperm [Morishima et al., 2012]. Artificial
inhibition of second polar body release after initiation of gynogenetic development in
clonal diploid eggs also produced a clonal tetraploid loach comprising a diploid female
pronucleus and a diploid polar body nucleus [Morishima et al., 2012]. No genetic
differences were observed between the clonal diploid and tetraploid loaches, except for
the difference in ploidy level. Interestingly, clonal diploids produced clonal diploid
gametes (eggs and sperm) with identical genotypes by unreduced gametogenesis, while
clonal tetraploids produced clonal diploid gametes with identical genotypes by regular
meiosis and gametogenesis (fig. 3).

Premeiotic endomitosis produces diploid gametes in clonal diploid females and
sex-reversed males because their diploid germ cells have non-homologous
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chromosomes, presumably derived from different groups (or species) A and B (see
section Mechanisms of Unreduced Gametogenesis and Gynogenesis). In clonal diploids,
diploid germ cells (2n = 50) duplicate to tetraploid cells (4n = 100), and then sister
chromosomes (which double from each non-homologous chromosome in the original
diploid germ cell) can pair to form 50 bivalents in meiosis like homologous
chromosomes in a normal bisexual diploid. In contrast, in clonal tetraploid females and
males, regular meiosis should occur to produce diploid gametes because original
tetraploid germ cells have appropriate chromosome pairs that can form 50 bivalents
during meiosis [Morishima et al., 2012]. In both cases, however, isogenic diploid eggs
were laid by clonal diploid and tetraploid females, which can develop by natural
gynogenesis (fig. 3). Atypical gametogenesis (premeiotic endomitosis) occurs in clonal
diploids, while regular meiosis occurs in clonal tetraploids. Both clones are genetically
identical, except for the ploidy. Therefore, these facts suggest that a difference is
controlled by the chromosome (genomic) constitution of germ cells.

Concluding Remarks

The loach M. anguillicaudatus is a newcomer to the world of natural unisexual
and polyploid fishes (vertebrates). The presence of a diploid-tetraploid complex has
been recognized in central China, and these diploid and tetraploid individuals generate
fertile haploid and diploid gametes (eggs and sperm) by regular meiosis, respectively, to
reproduce bisexually (see section Karyotype and Meiosis). Considering the cytogenetic
features of mitotic and meiotic chromosomes, tetraploids might have been formed from
conspecific diploids by a genome-duplication event, but such autotetraploids are now
considered in a process of rediploidization (see section Experimental Evidence of
Genetic Tetraploidy). In contrast, most loaches are bisexually reproducing diploids in
Japan, but gynogenetically reproducing clonal diploids appear in a few populations.
Triploids often occur from clonal diploid eggs by accidental incorporation of a sperm
nucleus into a diploid egg, and they produce fertile haploid eggs by the atypical
reproduction of meiotic hybridogenesis. Clonal loaches likely arise from a past
hybridization event between genetically diverse loaches (species or groups,
hypothesized genomes, AA and BB in this paper), but their exact origins are unknown
due to the shortage of population genetics results (see section Natural Clone and
Clone-Origin Triploid). To identify the origin of a clone, further genetic studies are
required to disclose the relationships among loaches with different ploidy status and
reproductive modes, based on different populations and using more sensitive DNA
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markers and advanced techniques. Regular meiosis and gametogenesis are initiated by
checking the presence of 2 homologous chromosome sets to pair in a wild-type diploid,
whereas the incidence of atypical reproduction is likely regulated in early germ cells by
checking the genome constitution: the presence or absence of homologous
chromosomes to pair and form bivalents (see sections Mechanisms of Unreduced
Gametogenesis and Gynogenesis and Clonal Diploid versus Clonal Tetraploid). The
presence of 2 different non-homologues may cause the duplication of a
non-homologous chromosome to produce 2 sister chromosomes, which can pair like
regular homologues and then enter meiosis. In contrast, the presence of 2 sets of
homologues and 1 set of non-homologues in triploid germ cells may cause elimination
of non-homologues and subsequent meiosis with 2 sets of homologues. However,
molecular mechanisms regulating chromosome duplication and elimination in early
germ cells (by checking chromosome/genome constitutions) are still unknown and
require additional studies, including deep sequencing and transcriptome analyses.

Acknowledgements

We thank M. Stock and D. Lamatsch, Co-editors of this issue, who invited us to
contribute to this exciting volume. We also thank past, present and near-future
co-authors on loach studies. We are also very grateful to anonymous reviewers to
elaborate our manuscript by his or her valuable comments and suggestions. Finally, we
also thank past, present and near-future co-authors on loach studies.

References

Arai K: Developmental genetic studies on salmonids: morphogenesis, isozyme
phenotype and chromosomes in hybrid embryos. Mem Fac Fish Hokkaido Univ
31:1--94 (1984).

Arai K: Effect of allotriploidization on development of the hybrids between female
chum salmon and male brook trout. Nippon Suisan Gakkaishi 52:823--829
(1986).

Arai K: Viability of allotriploids in salmonids. Nippon Suisan Gakkaishi 54:1695--1701
(1988).



660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695

Arai K: Chromosome manipulation in aquaculture: recent progress and perspective.
Suisanzoshoku 48:295--303 (2000).

Arai K: Genetic improvement of aquaculture finfish species by chromosome
manipulation technique in Japan. Aquaculture 197:205--228 (2001).

Arai K: Genetics of the loach, Misgurnus anguillicaudatus: recent progress and
perspective. Folia Biol (Krakow) 51 Suppl:107--117 (2003).

Arai K, Inamori Y: Viable hyperdiploid progeny between diploid female and induced
triploid male in the loach, Misgurnus anguillicaudatus. Suisanzoshoku
(Aquaculture Sci) 47:489--495 (1999).

Arai K, Mukaino M: Clonal nature of gynogenetically induced progeny of triploid
(diploid x tetraploid) loach Misgurnus anguillicaudatus (Pisces: Cobitidae). J
Exp Zool 278:412--420 (1997).

Arai K, Mukaino M: Electrophoretic analysis of the diploid progenies from triploid x
diploid crosses in the loach Misgurnus anguillicaudatus (Pisces: Cobitidae). J
Exp Zool 280:368--374 (1998).

Arai K, Matsubara K, Suzuki R: Karyotype and erythrocyte size of spontaneous
tetraploidy and triploidy in the loach Misgurnus anguillicaudatus. Nippon
Suisan Gakkaishi 57:2167--2172 (1991a).

Arai K, Matsubara K, Suzuki R: Chromosomes and developmental potential of progeny
of spontaneous tetraploid loach Misgurnus anguillicaudatus. Nippon Suisan
Gakkaishi 57:2173--2178 (1991b).

Arai K, Masaoka T, Suzuki R: Optimum condition of UV ray irradiation for genetic
inactivation of loach eggs. Nippon Suisan Gakkaishi 58:1197--1201 (1992).

Arai K, Matsubara K, Suzuki R: Production of polyploids and viable gynogens using
spontaneously occurring tetraploid loach, Misgurnus anguillicaudatus.
Aquaculture 117:227--235 (1993).

Arai K, lkeno M, Suzuki R: Production of androgenetic diploid loach Misgurnus
anguillicaudatus using spermatozoa of natural tetraploids. Aquaculture
137:131--138 (1995).

Arai K, Taniura K, Zhang Q: Production of second generation progeny of hexaploid
loach. Fish Sci 65:186--192 (1999).

Arias-Rodriguez L, Morishima K, Arai K: Genetically diversified populations in the
loach Misgurnus anguillicaudatus inferred from newly developed microsatellite
markers. Mol Ecol Notes 7:82--85 (2007).

Arias-Rodriguez L, Yasui GS, Arai K: Disruption of normal meiosis in artificial
inter-populational hybrid female Misgurnus loach. Genetica 136:49--56 (2009).



696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730

Arias-Rodriguez L, Yasui GS, Kusuda S, Arai K: Reproductive and genetic capacity of
spermatozoa of inter-populational hybrid males in the loach, Misgurnus
anguillicaudatus. J Appl Ichthyol 26:653--658 (2010).

Araki K, Shinma H, Nagoya H, Nakayama I, Onozato H: Androgenetic diploids of
rainbow trout (Oncorhynchus mykiss) produced by fused sperm. Can J Fish
Aquat Sci 52:892--896 (1995).

Becak ML, Becak W, Rabello MN: Cytological evidence of constant tetraploidy in the
bisexual South American frog Odontophyrnus americanus. Chromosoma
19:188--192 (1966).

Cherfas NB: Natural triploidy in females of the unisexual form of silver crucian carp
(Carassius auratus gibelio Block). Genetika 5:16--24 (1966).

Chourrout D, Nakayama I: Chromosome studies of progenies of tetraploid females
rainbow trout. Theor Appl Genet 74:687--692 (1987).

Chourrout D, Chevassus B, Herioux F: Analysis of an Hertwig effect in the rainbow
trout (Salmo gairdneri R) after fertilization with gamma-irradiated sperm.
Reprod Nutr Dev 20:719--726 (1980).

Chourrout D, Chevassus B, Krieg F, Happe A, Burger G, Renard P: Production of
second generation triploid and tetraploid rainbow trout by mating tetraploid
males and diploid females—potential of tetraploid fish. Theor Appl Genet
72:193--206 (1986).

Cimino MC: Meiosis in a triploid all-female fish (Poeciliopsis, Poeciliidae). Science
175:1484--1486 (1972).

Cotton S, Wedekind C: Introduction of Trojan sex chromosomes to boost population
growth. J Theor Biol 249:153--161 (2007).

Dawley RM: An introduction to unisexual vertebrates, in Dawley RM, Bogart JP (eds):
Evolution and Ecology of Unisexual Vertebrates, pp 1--19 (The New York State
Museum, Albany 1989).

Devlin RH, Nagahama Y Sex determination and sex differentiation in fish: an overview
of genetic, physiological, and environmental influences. Aquaculture
208:191--364 (2002).

Fujimoto T, Sakao S, Yamaha E, Arai K: Evaluation of different doses of UV
irradiation to loach eggs for genetic inactivation of the maternal genome. J Exp
Zool A Ecol Genet Physiol 307:449--462 (2007).

Fujimoto T, Yasui GS, Yoshikawa H, Yamaha E, Arai K: Genetic and reproductive
potential of spermatozoa of diploid and triploid males obtained from



731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766

interspecific hybridization of Misgurnus anguillicaudatus female with M.
mizolepis male. J Appl Ichthyol 24:430--437 (2008).

Fujimoto T, Sakao S, Oshima K, Yamaha E, Arai K: Heat-shock induced tetraploid and
diploid/tetraploid mosaic in the loach Misgurnus anguillicaudatus. Aquacult Int
(2012), E-pub ahead of print

Gray AK, Evans MA, Thorgaard GH: Viability and development of diploid and triploid
salmonid hybrids. Aquaculture 112:125--142 (1993).

Horie S, Taniura K, Umino T, Nakagawa H, Arai K. Performance of the progeny of
natural tetraploid loaches in long-term communal rearing experiments under a
laboratory condition. Suisanzoshoku (Aquaculture Sci) 52:91--98 (2004a).

Horie S, Taniura K, Umino T, Nakagawa H, Arai K: Retarded growth of hexaploid
loaches. Suisanzoshoku (Aquaculture Sci) 52:279--286 (2004b).

Ihssen PE, McKay LR, McMillan 1, Phillips RB: Ploidy manipulation and gynogenesis
in fishes: cytogenetic and fisheries application. T Am Fish Soc 119:698--717
(1990).

Itono M, Morishima K, Fujimoto T, Bando E, Yamaha E: Premeiotic endomitosis
produces diploid eggs in the natural clone loach, Misgurnus anguillicaudatus
(Teleostei: Cobitidae). J Exp Zool A Comp Exp Biol 305:513--523 (2006).

Itono M, Okabayashi N, Morishima K, Fujimoto T, Yoshikawa H, et al: Cytological
mechanisms of gynogenesis and sperm incorporation in unreduced diploid eggs
of the clonal loach, Misgurnus anguillicaudatus (Teleostei: Cobitidae). J Exp
Zool A Ecol Genet Physiol 307:35--50 (2007).

Jenkins G, Jimenez J: Genetic control of synapsis and recombination in Lolium
amphidiploids. Chromosoma 104:164--168 (1995).

Khan MMR, Arai K: Allozyme variation and genetic differentiation of the loach
Misgurnus anguillicaudatus. Fish Sci 66:211--222 (2002).

Kijima K, Arai K, Suzuki R: Induced allotriploidy in inviable interfamilial hybrids,
female loach x male goldfish and female loach x male minnow. J Fac Appl Biol
Sci Hiroshima Univ 35:1--12 (1996a).

Kijima K, Arai K, Suzuki R: Induction of allotriploids and allopentaploids in
interfamilial hybrids, female spinous loach x male carp and female loach x male
carp. J Fac Appl Biol Sci Hiroshima Univ 35:13--26 (1996b).

Kim DS, Jo JY, Lee TY: Induction of triploidy in mud loach (Misgurnus mizolepis) and
its effect on gonad development and growth. Aquaculture 120:263--270 (1994).

Kobayasi H: A cytological study on gynogenesis of the triploid ginbuna (Carassius
auratus langsdorfii). Zool Mag 80:316--322 (1971).



767
768
769
770
771
772
773
774
775
776
77
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801

Kobayasi H: A cytological study on the maturation division in the oogenic process of
the triploid ginbuta (Carassius auratus langsdorfii). Japan J Ichthyol
76:234--240 (1976).

Komen H, Thorgaard GH: Androgenesis, gynogenesis and the production of clones in
fishes: a review. Aquaculture 269:150--173 (2007).

Lamatsch DK, Stock M: Sperm-dependent parthenogenesis and hybridogenesis in
teleost fishes, in Schon I, Martens K, van Dijk P (eds): Lost Sex: The
Evolutionary Biology of Parthenogenesis, pp 399--432 (Springer, Dordrecht
2009).

Lampert KP, Lamatsch DK, Fischer P, Epplen JT, Nanda I, et al: Automictic
reproduction in interspecific hybrids of poeciliid fish. Curr Biol 17:1948--1953
(2007).

Li YJ, Yin J, Wang JB, Yuan X, Wei J, et al: A study on the distribution of polyploid
loaches in China. Nippon Suisan Gakkaishi 74:177--182 (2008).

Li YJ, Tian Y, Zhang MZ, Tian PP, Yu Z, et al: Chromosome banding and FISH with
rDNA probe in the diploid and tetraploid loach Misgurnus anguillicaudatus.
Ichthyol Res 57:358--366 (2010).

Li YJ, Zhuo Y, Zhang MZ, Qian C, Abe S, Arai K: The origin of natural tetraploid
loach Misgurnus anguillicaudatus (Teleostei: Cobitidae) inferred from meiotic
chromosome configurations. Genetica 139:805--811 (2011).

Li YJ, Zhang MS, Qin C, Gao M, Arai K: Fertility and ploidy of gametes of diploid,
triploid and tetraploid loaches, Misgurnus anguillicaudatus, in China. J Appl
Ichthyol 28:900--905 (2012).

Li YJ, Yu Z, Zhang MZ, Qian C, Abe S, Arai K: Induction of viable gynogenetic
progeny using eggs and UV-irradiated sperm from the Chinese tetraploid loach,
Misgurnus anguillicaudatus. Aquacult Int (2012b). e-pub ahead of print.

Matsubara K, Arai K, Suzuki R: Survival potential and chromosomes of progeny of
triploid and pentaploid females in the loach Misgurnus anguillicaudatus.
Aquaculture 131:37--48 (1995).

Momotani S, Morishima K, Zhang Q, Arai K: Genetic analyses of the progeny of
triploid gynogens induced from unreduced eggs of triploid (diploid female x
tetraploid male) loach. Aquaculture 204:311--322 (2002).

Monaco PJ, Rasch EM, Balsano JS: Apomictic reproduction in the Amazon molly,
Poecilia formosa, in Turner BJ (ed): Evolutionary Genetics of Fishes, pp
311--328 (Plenum Press, New York 1984).



802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837

Morishima K, Nakayama I, Arai K: Microsatellite-centromere mapping in the loach,
Misgurnus anguillicaudatus. Genetica 111:59--69 (2001).

Morishima K, Horie S, Yamaha E, Arai K: A cryptic clonal line of the loach Misgurnus
anguillicaudatus (Teleostei: Cobitidae) evidenced by induced gynogenesis,
interspecific hybridization, microsatellite genotyping and multilocus DNA
fingerprinting. Zool Sci 19:565--575 (2002).

Morishima K, Oshima K, Horie S, Fujimoto T, Yamaha E, Arai K: Clonal diploid
sperm of the diploid-triploid mosaic loach, Misgurnus anguillicaudatus
(Teleostei: Cobitidae). J Exp Zool A Comp Exp Biol 301:502--511 (2004).

Morishima K, Nakamura-Shiokawa Y, Bando E, Li YJ, Boron A, et al: Cryptic clonal
lineages and genetic diversity in the loach Misgurnus anguillicaudatus
(Teleostei: Cobitidae) inferred from mitochondrial DNA analyses. Genetica
132:159--171 (2008a).

Morishima K, Yoshikawa H, Arai K: Meiotic hybridogenesis in triploid Misgurnus
loach derived from a clonal lineage. Heredity (Edinb) 100:581--586 (2008b).

Morishima K, Fujimoto T, Sato M, Kawae A, Zhao Y, et al: Cold-shock eliminates
female pronucleus in fertilized eggs to induce androgenesis in the loach
(Misgurnus anguillicaudatus), a teleost fish. BMC Biotechnol 11:116 (2011).

Morishima K, Yoshikawa H, Arai K: Diploid clone produces unreduced diploid
gametes but tetraploid clone generates reduced diploid gametes in the Misgurnus
loach. Biol Reprod 86:33 (2012).

Moritz C, Brown WM, Densmore LD, Wright JW, Vyas D, et al: Genetic diversity and
the dynamics of hybrid parthenogenesis in Cnemidophorus (Teiidae) and
Heteronotia (Gekkonidae), in Dawley RM, Bogart JP (eds): Evolution and
Ecology of Unisexual Vertebrates, pp 87--112 (The New York State Museum,
Albany 1989).

Nagoya H, Kawamura K, Ohta H: Production of androgenetic amago salmon
Oncorhynchus masou ishikawae with dispermy fertilization. Fish Sci
76:305--313 (2010).

Nagy A, Rajki K, Horvath L, Csanyi V: Investigation on carp, Cyprinus carpio L.
gynogenesis. J Fish Biol 13:215--224 (1978).

Nam YK, Choi GC, Park DJ, Kim DS: Survival and growth of induced tetraploid mud
loach. Aquacult Int 9:6--11 (2001).

Nam YK, Kim DS: Ploidy status of progeny from the crosses between tetraploid males
and diploid females in mud loach (Misgurnus mizolepis). Aquaculture
236:575--582 (2004).



838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873

Neyfakh A: Radiation investigation of nucleo-cytoplasmic interactions in
morphogenesis and biochemical differentiation. Nature 201:880--884 (1964).

Nomura T, Arai K, Hayashi T, Suzuki R: Effect of temperature on sex ratios of normal
and gynogenetic diploid loach. Fish Sci 64:753--758 (1998).

Ogielska M: Nucleus-like bodies in gonial cells of Rana esculenta (Amphibia, Anura)
tad pole — a putative way of chromosome elimination. Zool Poloninae
39:461--474 (1994).

Ogielska M: Development and reproduction of amphibian species, hybrids and
polyploids, in Ogielska M (ed): Reproduction of Amphibians, pp 343--403
(Science Publishers, Enfield 2009).

Ojima Y, Takai A: The occurrence of spontaneous polyploidy in the Japanese common
loach, Misgurnus anguillicaudatus. Proc Japan Acad 55B:487--491 (1979).

Omoto N, Maebayashi M, Adachi S, Arai K, Yamauchi K: Sex ratios of triploids and
gynogenetic diploids induced in the hybrid sturgeon, the bester (Huso huso
female x Acipenser ruthenus male). Aquaculture 245:39--47 (2005).

Oshima K, Morishima K, Yamaha E, Arai K: Reproductive capacity of triploid loaches
obtained from Hokkaido Island, Japan. Ichthyol Res 52:1--8 (2005).

Pandian TJ: Sex determination in fish (Science Publishers, Enfield 2011).

Pandian TJ, Koteeswaran R: Ploidy induction and sex control in fish. Hydrobiologia
384:167--243 (1998).

Park IS, Nam YK, Kim DS: Growth performance, morphometric traits and gonad
development of induced reciprocal diploid and triploid hybrids between the mud
loach (Misgurnus mizolepis Gunther) and cyprinid loach (Misgurnus
anguillicaudatus Cantor). Aquacul Res 37:1246--1253 (2006).

Piferrer F, Beaumont A, Falguisre JC, Flajshans M, Haffray P, Colombo L: Polyploid
fish and shellfish: production, biology and applications to aquaculture for
performance improvement and genetic containment. Aquaculture 293: 125--156
(2009).

Purdom CE: Genetic engineering by the manipulation of chromosomes. Aquaculture
33:287--300 (1983).

Romashov DD, Belyaeva VV: The cytology of the radiation gynogenesis and
androgenesis in the loach (Misgurnus fossilis). Dokl Acad Nauk SSSR
157:964--967 (1964).

Sakao S, Fujimoto T, Kimura S, Yamaha E, Arai K: Drastic mortality in tetraploid
induction results from the elevation of ploidy in masu salmon Oncorhynchus
masou. Aquaculture 251:147--160 (2006).



874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907

Scheerer PD, Thorgaard GH: Increased survival in salmonid hybrids by induced
triploidy. Can J Fish Aquat Sci 40:2040--2044 (1983).

Schmid M, Haaf T, Schempp W: Chromosome banding in Amphibia IX. The
polyploidy karyotype of Odontophyrnus americanus and Ceratophrys ornate
(Anura, Leptodactylidae). Chromosoma 91:172--184 (1985).

Shimizu Y, Shibata N, Sakaizumi M, Yamashita M: Production of diploid eggs through
premeiotic endomitosis in the hybrid medaka between Oryzias latipes and O.
curvinotus. Zool Sci 17:951--958 (2000).

Suwa M, Arai K, Suzuki R: Suppression of the first cleavage and cytogenetic studies on
the gynogenetic loach. Fish Sci 60:673--681 (1994).

Suzuki R, Nakanishi T, Oshiro T: Survival, growth and sterility of induced triploids in
the cyprinid loach Misgurnus anguillicaudatus. Bull Japan Soc Sci Fish
51:889--894 (1985a).

Suzuki R, Oshiro T, Nakanishi T: Survival, growth and fertility of gynogenetic diploids
induced in the cyprinid loach, Misgurnus anguillicaudatus. Aquaculture
48:45--55 (1985b).

Thorgaard GH, Allendorf FW, Knudsen KL: Gene-centromere mapping in rainbow
trout: high interference over long map distance. Genetics 103:771--783 (1983).

Yamaki M, Arai K: Ploidies and gametes produced by putative tetraploid amago salmon
induced by inhibition of the first cleavage. Bull Fac Fish Hokkaido Univ
51:135--152 (2000).

Yamaki M, Satou H, Taniura K, Arai K: Progeny of the diploid-tetraploid mosaic
amago salmon. Nippon Suisan Gakkaishi 65:1084--1089 (1999).

Yamashita M, Onozato H, Nakanishi T, Nagahama Y: Breakdown of the sperm nuclear
envelope is a prerequisite for male pronucleus formation: direct evidence from
the gynogenetic crucian carp Carassius auratus langsdorfii. Dev Biol
137:155--160 (1990).

Yamashita M, Jiang J, Onozato H, Nakanishi T, Nagahama Y A tripolar spindle formed
at meiosis | assures the retention of the original ploidy in the gynogenetic
triploid crucian carp, Ginbuna Carassius auratus langsdorfii. Dev Growth Differ
35:631--636 (1993).

Yin J, Zhao ZS, Chen XQ, Li YQ, Zhu LY: Karyotype comparison of diploid and
tetraploid loach, Misgurnus anguillicaudatus. Acta Hydrobiologica Sinica
4:469--472 (2005).



908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942

Yoshikawa H, Morishima K, Kusuda S, Yamaha E, Arai K: Diploid sperm produced by
artificially sex-reversed clone loaches. J Exp Zool A Ecol Genet Physiol
307:75--83 (2007a).

Yoshikawa H, Morishima K, Fujimoto T, Yamaha E, Arai K: Simultaneous formation
of haploid, diploid and triploid eggs in diploid-triploid mosaic loaches. J Fish
Biol 71 Suppl B:250--263 (2007b).

Yoshikawa H, Morishma K, Fujimoto T, Arias-Rodriguez, Yamaha E, Arai K: Ploidy
manipulation using diploid sperm in the loach, Misgurnus anguillicaudatus: a
review. J Appl Ichthyol 24:410--414 (2008).

Yoshikawa H, Morishima K, Funimoto T, Saito T, Kobayashi T, et al: Chromosome
doubling in early spermatogonia produces diploid spermatozoa in a natural
clonal fish. Biol Reprod 80:973--979 (2009).

Zhang Q, Arai K: Flow cytometry for DNA contents of somatic cells and spermatozoa
in the progeny of natural tetraploid loach. Fish Sci 62:870--877 (1996).

Zhang Q, Arai K: Distribution and reproductive capacity of natural triploid individuals
and occurrence of unreduced eggs as a cause of polyploidization in the loach,
Misgurnus anguillicaudatus. Ichthyol Res 46:153--161 (1999a).

Zhang Q, Arai K: Aberrant meioses and viable aneuploid progeny of induced triploid
(Misgurnus anguillicaudatus) when crossed to natural tetraploids. Aquaculture
175:63--76 (1999b).

Zhang Q, Arai K: Extensive karyotype variation in somatic and meiotic cells of the
loach Misgurnus anguillicaudatus (Pisces: Cobitidae). Folia Zool 52:423--429
(2003).

Zhang Q, Arai K, Yamashita M: Cytogenetic mechanisms for triploid and haploid egg
formation in the triploid loach Misgurnus anguillicaudatus. J Exp Zool
281:608--619 (1998).

Zhang Q, Hanada K, Arai K: Aberrant meioses in diploid and triploid progeny of
gynogenetic diploids produced from eggs of natural tetraploid loach. Folia Zool
51:165--176 (2002).

Zhang XL, Onozato H: Hydrostatic pressure treatment during the first mitosis does not
suppress the first cleavage but the second one. Aquaculture 240:101--113
(2004).

Zhao Y, Toda M, Hou J, Aso M, Arai K: The occurrence of hypertetraploid and other
unusual polyploid loaches Misgurnus anguillicaudatus among market specimens
in Japan. Fish Sci 78:1219--1227 (2012a).



943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967

Zhao Y, Psenicka M, Fujimoto T, Saito T, Yasui GS, et al: Motility, morphology,

mitochondria and ATP content of diploid spermatozoa from sex-reversed clonal
diploid and neo-tetraploid loaches, Misgurnus anguillicaudatus. J Appl Ichthyol
28:1006--1012 (2012b).

Zhou X, Abbas K, Li M, Fang L, Li S, Wang W: Comparative studies on survival and

Fig. 1.

Fig. 2.

Fig. 3.

growth performance among diploid, triploid and tetraploid dojo loach Misgurnus
anguillicaudatus. Aquacult Int 18:349--359 (2010)

Legends

Schematic representation of different processes of genomic duplication. a
autotetraploidization and b allotetraploidization.
Putative progeny of natural diploid and tetraploid loaches Misgurnus

anguillicaudatus by cross-breeding and chromosome manipulation. UV

ultraviolet ray irradiation of sperm or egg to inactivate nucleus. PTS
hydrostatic pressure or temperature (cold or heat) shock to inhibit the second
polar body release after fertilization. Bold arrows indicate the timing to inhibit
the second polar body release.

Putative representation of reproduction of clonal diploid lineages, clone-origin
triploid progeny, diploid-triploid mosaic progeny, sex-reversed clonal diploids,
and clonal tetraploid progeny of the loach. A and B denote a chromosome set of
ancestral species of the clone. CL = Clone; M = meiosis; MH = meiotic
hybridogenesis; PE = premeiotic endomitosis.



Table 1. Reproductive capacity of gametes of various biotypes of loaches found in wild populations and formed in the laboratory by artificial cross and chromo-

some manipulation

Biotype Origin/cross/ Sex ratio female  Egg Sperm Reference
manipulation to male - - . - - .
ploidy diameter (mm) estimated mecha-  gynogenesis  ploidy estimated mecha-
nism of oogenesis nisms of spermato-
genesis
Diploid wildtype wild (China) 38F:21M 1n 0.8 M no 1n M Lietal.,, 2012a
Triploid wildtype wild (China) 13F:8M 1n 0.8 MH no 12n-22n M Lietal.,, 2012a
Tetraploid wildtype wild (China) 38F:40M 2n 1.0 M no 2n M Lietal.,, 2012a
Diploid 2nx2n 16F:14M In 1.0-1.2 M no 1n M Aurai et al., 1999
Gyno. diploid 2n x UV/CS 56F:1M n.d. n.d. n.d n.d. Suzuki et al.,
1985b
Triploid 2n x 2n/CS 63F:27M sterile Suzuki et
al.,1985a
Triploid 2n x 2n/PS n.d. sterile Zhang and Arali
1999b
Tetraploid 4n x 4n 73F:69M 2n 1.2-14 M no 2n M Arai etal., 1999
Gyno. tetraploid 4n x UV/PS 25F:0M n.d. n.d. n.d. n.d. Arai etal., 1999
Gyno. diploid 4nx UV 1F:0M 1n 11 M no Zhang et al., 2002
Triploid 4n x 2n,2n x 4n n.d. 1n 11 MH no sterile Matsubara et al.,
1995
3n 14 PE no Arai and
Mukaino, 1997
Arai and
Mukaino, 1998
Zhang et al., 1998
Gyno. triploid 3n(2n x 4n) x UV 7F:0M 1n 11 MH no Momotani et al.,
2002
3n 14 PE no
14n-15n 1.3n-1.4n M no
Pentaploid 4n x 2n/HS n.d. 2n 1.2 MH no Matsubara et al.,
1995
Hexaploid 4n x 4n/PS 11F:10M 3n 14 M no 3n M Arai etal., 1999
Clonal diploid CL2n x 2n, UV n.d. CL2n n.d. PE yes CL2n PE Morishima et al.,
2002
wild (Japan) Itono et al., 2006,
2007
Yoshikawa et al.,
2007a
Clone-origin triploid CL2n x 2n n.d. In n.d. MH no sterile Morishima et al.,
2008b
3n n.d. PE no
Clone-origin triplod wild (Japan) n.d. 1n * MH no sterile Oshima et al.,
2005
3n * PE no
2n * ? ?
1in-17n * M no
Clone-origin diploid/ wild (Japan) 3F:2M 1n 0.8 MH no CL2n M Yoshikawa et al.,
Triploid mosaic plus CL2n x 2n CL2n nd. PE yes 2007b
3n 13 PE no
Clonal tetraploid CL2n x CL2n 23F.0M** CL2n n.d. M yes CL2n M Morishima et al.,
2012
CL2n x UV/CS 4F:0M CL2n n.d. yes n.d. Morishima et al.,

2012

CL = Clonal individual that normally reproduces gynogenetically; CS = cold shock; PS = hydrostatic pressure shock; HS = heat shock treatment (CS, PS and HS treatment
to inhibit second polar body release after fertilization); M = meiosis; MH = meiotic hybridogenesis; n.d. = not determined; PE = premeiotic endomitosis; UV = irradiation to

inactivate sperm.

* Eggs which ploidy were not identified gave 3 size groups: 1.0-1.1, 1.2 and 1.3-1.4mm in diameter.
** Spontaneous sex reversal can occur due to high temperature during sexual differentiation. One cross gave 1F:3M.
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