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Summary

Reproductive capacity was analyzed in inter-populational

hybrid males between geographically different populations of
the loach Misgurnus anguillicaudatus, which were suggested to
be genetically distinct by previous studies. Hybrid males

exhibited high percentages of spermatozoa with poor or no
motility, when compared with wild type diploid males. Sperm
volume was apparently less than that from wild type.

Scanning electron microscopy (SEM) revealed that sperma-
tozoa of hybrid males showed abnormal morphology such as
no flagellum, double or more flagella, ill-developed mid-piece
and significantly larger head sizes. Three different cell

populations with haploid (1C), diploid (2C) and tetraploid
(4C) DNA content were flow-cytometrically detected in
sperm samples collected from hybrid males, whereas diploid

males showed only haploid spermatozoa. Fertilization of eggs
of wild type females with sperm of hybrid males gave very
few diploid and triploid survivors. Microsatellite analyses

showed that haploid spermatozoa of hybrids were produced
by meiotic segregation, while diploid spermatozoa were
formed by unreduced spermatogenesis. The present results
showed that inter-populational loach hybrid males were

almost sterile, but a few fertile haploid and diploid sperma-
tozoa were generated. Such traits of inter-populational hybrid
males are similar to those reported in inter-specific hybrids.

Hybridization disrupted regular meiosis and normal sper-
matogenesis in the loach from the cross between different
populations.

Introduction

The loachMisgurnus anguillicaudatus (Teleostei:Cobitidae) has
been identified as a single species entity in Japanese popula-
tions (Saitoh, 1989). However, recent genetic studies suggest
the presence of genetically diversified groups within this

species, based on the analyses of allozymes variations (Khan
and Arai, 2000), microsatellite DNA markers (Arias-Rodri-
guez et al., 2007), sequences of the mitochondrial DNA

control region (Morishima et al., 2008), and microsatellite-
centromere recombination map distances (Arias-Rodriguez
et al., 2009b).

Hybridization between two distinct fish species gives rise to
the occurrence of gonadal, gametic and ⁄ or zygotic sterility
depending on the combination of species (Chevassus, 1983).

However, disruption of normal meiosis and subsequent

unusual egg formation have been recorded in inter-specific
hybrid females of the genus Oryzias (Sakaizumi et al., 1992,
1993; Shimizu et al., 2000), Lepomis (Dawley et al., 1985),

Fundulus (Dawley, 1992), inter-generic hybrids between Car-
assius and Cyprinus (Liu et al., 2001) and other examples
(Dawley, 1989). In a previous study, we reported that inter-

populational hybrid females between Misgurnus loaches from
geographically different populations generated fertile haploid,
unreduced diploid and other cytogenetically unusual eggs
(Arias-Rodriguez et al., 2009a). Thus, our inter-populational

hybrid loach females are similar to other inter-specific or inter-
generic hybrids in terms of reproductive performance and
ploidy status of eggs, suggesting that genetic differentiation

between two populations in the loach is presumably similar to
that between different species.
As in hybrid females, inter-specific hybrid males often

exhibited sterility and unusual spermatogenesis causing the
production of anueploid and ⁄ or unreduced spermatozoa. In
the Medaka Oryzias species, inter-specific hybrid males were
reported to produce infertile spermatozoa-like cells with large

tetraploid nucleus and abnormal flagellum(a) (Hamaguchi
and Sakaizumi, 1992; Shimizu et al.,1997). Fertile diploid
spermatozoa were also reported in hybrid males of the

Iberian minnow Rutilus alburnoides complex with a hybrid
origin (Alves et al., 1999). In inter-specific hybrids between
loach M. anguillicaudatus and mud loach M. mizolepis,

resultant males generate haploid, diploid and tetraploid
spermatozoa (or spermatozoa-like cells), simultaneously, but
only motile haploid spermatozoa of few hybrids are able to

produce viable diploid progeny after fertilization of eggs of
loach M. anguillicaudatus females (Fujimoto et al., 2008). If
the original populations of the loach were diversified enough
to inter-specific level, inter-populational hybrid males are

expected to exhibit such reproductive performance, as previ-
ously observed in hybrid females (Arias-Rodriguez et al.,
2009a).

In the present study, we examined reproductive capacity and
gametic characteristics of inter-populational hybrid males of
the loach to reinforce the previous suggestion that genetic

differentiation presumably exists among wild populations of
the loach. Reproductive potential was evaluated by observa-
tion of motility and morphology of spermatozoa as well as
subsequent examination of fertilization rates using spermato-

zoa of hybrid males. Ploidy status of spermatozoa was
determined by DNA content flow cytometry. Microsatellite
genotypes were analyzed in a small number of diploid and

triploid progeny of hybrid males to estimate allelic segregation
during spermatogenesis.
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Materials and methods

Inter-populational hybridization

Inter-populational hybridization was made between diploid
loaches collected from the wild population in Memanbetsu

(abbreviated as M) town, Abashiri County located in the
northern area of Hokkaido and Kita (K) Village, Sorachi
County in the southern area of Hokkaido, Japan, as was

previously described in Arias-Rodriguez et al. (2009a). Briefly,
mature eggs and sperm were obtained and then fertilization
was conducted between eggs of a Memanbetsu (M) female and
sperm of a Kita (K) male (Arias-Rodriguez et al., 2009a).

Resultant MK-F1 hybrid larvae were reared until maturation
and used for fertilization in the spring of 2006.

Sperm of hybrid males and artificial fertilization

Sperm from each of six MK-F1 hybrid males (MK1-6) were

taken into a hematocrit capillary tube by gently squeezing of
male abdomen. Sperm from each of ten normal males from
Kita (K1-10) population was obtained as control. Sperm of

one wild type male from Memanbetsu (M1) was also taken.
These sperm samples were used to assess sperm motility and
then to fertilize normal eggs. Eggs from one mature wild type
female from Kita (Kf1) and two wild type females from Ohno,

Kameda County in the southern part of Hokkaido (Of1 and
Of2) were also obtained for experimental fertilization. These
loach females belong to the same genetic group to the Kita

population (Morishima et al., 2008).
Eggs from each normal diploid female (Kf1, Of1 or Of2)

were divided into several batches for fertilization with sperm

from wild type male (K1) and the sperm obtained in hybrid
males (MK1-MK6). Rates of hatched larvae were calculated
relative to the total number of eggs from each batch. Survivors
at the hatching from each cross were examined for ploidy

status and microsatellite genotyping as described bellow.

Examination of sperm quality

A part of sperm was taken from each of hybrid males (MK1–
6). Five microlitre of sperm from each sample was then mixed

with 10 ll of ambient water. Simultaneously, approximate
percentage of actively moved spermatozoa was visually esti-
mated in a field of the microscope. As a control, similar

observations were made on the sperm samples from 10 wild
type males (K1–10).

Scanning electron microscopy (SEM)

Sperm samples from hybrid males (MK1–6) and two wild type
males (M1 and K1) were taken after the artifificial spermia-

tion. Samples were inmediatelly fixed in 2.5% of neutralized
glutaraldehyde in 0.1 MM phosphate buffer (pH 7.4) and kept at
4�C until use. Fixed spermatozoa were placed on a glass cover

slip (2 mm), air desiccated in dark, dehydrated by ethanol
series (60%, 70%, 80%, 90%, 95% and three washed in 100%
for 10 min each), and by the critical point dryer Hitachi HCP-
2 (Hitachi, Japan) after treatment for 10 min duration with

isoamyl acetate. Dried samples were sputter-coated with
platinum ⁄ palladium (Hitachi E-102, Japan). Treated sperm
samples were scanned by a SEM-Hitachi (S-510; Hitachi,

Japan) for observation of the spermatozoa morphology. In
each male, sperm head diameters (widths) were manually
measured on the recorded images by an electronic dial caliper.

It was difficult to measure sperm lengths exactly, because of
ambiguous border between head and mid piece in SEM images

of loach spermatozoa.

Ploidy and genotypic analyses

Relative DNA content (C value) of sperm and ⁄ or fin tissue of
parental fish and progeny of hybrids was measured to
determine ploidy status by flow-cytometry as was described

in Morishima et al. (2002). The area percentage was consid-
ered as the frequency of spermatic cells to each peak with
DNA content and the coefficient of variation (CV%) as the

margin deviation of the measurement, both values were
automatically self-generated by the ploidy analyzer (Partec,
Münster, Germany).

Genomic DNA was extracted from fin-clip samples of
parental fish and partial body samples of larvae after ploidy
determination as already described in the previous paper
(Arias-Rodriguez et al., 2009a). Microsatellite loci were geno-

typed according to Arias-Rodriguez et al. (2007).

Statistics

Data are shown as mean ± SD. Data regarding spermatozoa
head width were analyzed using ANOVAANOVA succeeded by Tukey

multiple range test. Statistical significance was set at 0.05.

Results

Sperm quality

Sperm samples from ten wild type males (K1–K10) gave
vigorous activation of spermatozoa just after addition of
ambient freshwater. Under microscope, almost 100% cells

from each of wild type males were moved after activation. The
sperm samples obtained from hybrid males were apparently
thinner and less than those from wild type males. The sperm

samples from five hybrids (MK1–MK5) males gave very poor
motility after activation with ambient water under microscope,
when compared with wild type males. Approximately 20%

cells were motile in MK1 and MK2, 15% cells in MK5, and
only 5% cells in MK3 and MK4. The sixth hybrid male (MK6)
gave no motile cells. Additionally, the observed movement of

spermatozoa taken from hybrid males was generally very slow
when compared with wild type males (velocity was not
measured).

SEM observation

Spermatozoa from hybrid males showed apparent variation in

the head sizes (Fig. 1, Table 1). Average sperm head diameter
(head width) was between 2.5 lm (MK1) and 3.6 lm (MK4),
and much larger than those of control males (1.8 lm in M1

and K1). Spermatozoa with large head sizes were not detected
in sperm samples from normal diploid males (M1 and K1). In
sperm samples taken from hybrid males, spermatozoa or
spermatozoa-like cells frequently showed abnormal morphol-

ogy of mid-piece and some had more than one flagellum or no
flagellum (Fig. 1).

Ploidy status of spermatozoa

Sperm sample from wild type males gave 1C DNA content of

haploid spermatozoa (Fig. 2). In contrast, all the hybrid males
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gave three peaks in sperm samples corresponding to haploid
(1C), diploid (2C) and tetraploid (4C) spermatozoa (Fig. 2).

Proportions of observed haploid, diploid and tetraploid cell
populations varied among hybrid males (Table 2).

Survival and ploidy of progeny

Three experimental crosses were done between hybrid males
and wild type females, as shown in Table 3. No or very few

survivors were detected at hatching stage in the progeny from
hybrid males. In contrast, the progeny from wild type male of
the Kita population gave high survival rates (92.2–95.4%) of

hatched larvae (Table 3).
Ploidy status was determined in the progeny of hybrid males

as given in Table 3. All the progeny from the cross between

wild type females and male of Kita were diploid with 2C DNA
content (Table 3).
Ploidy determination of survivors from the cross between

MK1 hybrid male and wild type female (Kf1, Of1 or Of2)
showed that some larvae were diploid, but others were triploid

(Table 3). Occurrence of both diploid and triploid larvae was

also observed in larvae from the cross using MK5 hybrid male,
in cross 1, and MK2 and MK3 in cross 2 (Table 3). Cross
between Kf1 and MK2 and that between Of1 and MK3 gave
only one diploid progeny, respectively (Table 3).

Microsatellite genotyping

Microsatellite Mado1, Mado7, Mado8, Mado18, Mado21 and
Mad27 loci were genotyped in the survivors from wildtype
female Of1 · hybrid male MK1 (cross 2 in Table 3),

Of1 · MK2 (cross 2) and Of2 · MK1 (cross 3) (Table 4).
For example, diploid progeny in the Of2 · MK1 cross showed
heterozygous Mado1 genotypes including maternal allele (159
or 178) and paternal allele (110 or 169) (Fig. 3a). Diploid

progeny in the Of2 · MK1 cross gave heterozygous Mado 21
genotype including one allele (73 or 116) from hybrid male and
one allele (103) from wild female (Fig. 3b). In all the diploid

progeny examined, microsatellite genotypes included one allele
of the wild type female and another of the hybrid male
(Table 4).

Triploid progeny of the Of2 · MK1 cross showed Mado1
genotypes comprising intact two alleles (110 and 169) of hybrid
male and one allele (159 or 178) of wildtype female (Fig. 3a).

At the Mado21, triploid progeny of the Of2 · MK1 cross gave
genotype including intact two alleles (73 and 116) of hybrid
male and one allele (103) of wildtype female (Fig. 3b). In most
triploid progeny, intact two alleles of hybrid male were

transmitted to triploid progeny except for Mado 21 and Mado
27 loci in the Of1 · MK1 cross, in which triploid larvae
showed double doses of one allele from the hybrid male

(Mado21: 103 ⁄ 116 ⁄ 116 and Mado27: 111 ⁄ 124 ⁄ 124)
(Table 4). These observations indicated that some diploid
sperm were not genetically identical to the somatic cells of the

hybrid male and genetic variation ocurred in the course of
diploid spermatogenesis in hybrids (Table 4). However, all the
other triploid progeny were verified to have two alleles
identical to the genotype of hybrid males (Table 4). These

results indicated that unreduced diploid spermatozoa with
genetically identical or similar genotypes were produced in
hybrid males, together with rare haploid spermatozoa formed

by regular meiotic process.

(d)(b)

*

(a)

mp

mp

ab

(c) n

Fig. 1. SEM images of spermatozoa
or spermatozoa-like cells found in
sperm of wildtype male (a) and inter-
populational hybrid males (b–d). Note
more than one flagellum, no flagellum,
larger head size and abnormal appear-
ance of spermatozoa or spermatozoa-
like cells from hybrids. n, normal
spermatozoon; ab, abnormal sperma-
tozoon; mp, mid piece; asterisk, cell
without flagellum

Table 1
Head width of spermatozoa measured on scanning electron micros-
copy (SEM) images from wild type males (M1 and K1) and inter-
populational hybrid males (MK1–6) in the loach. M1 and K1 are wild
type males, collected in Memanbetsu, Abashiri County and Kita,
Sorachi County city, Hokkaido, Japan, respectively. MK 1–6 are inter-
populational hybrid males between a female from Memanbetsu and a
male from Kita population

Male

Spermatozoa head width (lm)

n
1.0 to
<2.0

2.0 to
<3.0

3.0 to
<4.0

4.0 to
<5.0 mean ± SD

M1 50 0 0 0 1.8 ± 0.1a 50
K1 50 0 0 0 1.8 ± 0.1a 50
MK1 14 29 11 0 2.5 ± 0.6b 54
MK2 9 41 40 0 2.9 ± 0.6c 90
MK3 5 18 19 0 2.9 ± 0.6c 42
MK4 0 2 12 0 3.6 ± 0.6d 14
MK5 5 29 16 1 2.8 ± 0.6c 51
MK6 8 17 13 4 2.9 ± 0.7c 42

Identical superscript letters within columns denote non-significant
differences by the Tukey multiple range test (P > 0.05).
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Discussion

Quality of spermatozoa from hybrid males was generally poor.
The percentage of actively motile spermatozoa was unusually
low, when compared with wild type male. The volume of

sperm was also apparently little. These poor characteristics are
similar to those observed in interspecific hybrid males between
M. anguillicaudatus female and M. mizolepis male (Fujimoto

et al., 2008).
Poor fertility of spermatozoa from the inter-populational

hybrids is explained by low percentage of motile cells, because

less motile spermatozoa cannot fertilize enough number of
mature eggs. Larger head size of spermatozoa is another factor
to reduce fertility because the spermatozoa with larger head

are unable to pass through micropyle. Similar relationship
between larger head size of spermatozoa and reduced fertil-
ization rate has been observed in fertilization experiments
using diploid spermatozoa of induced tetraploid salmonids

(Chourrout et al., 1986) and unreduced clonal diploid sper-
matozoa of sex-reversed clonal diploid loach (Yoshikawa
et al., 2007, 2008).

In very few progeny of inter-populational hybrid males,
both diploid and triploid larvae appeared after fertilization
with normal eggs of wild type, indicating that the hybrid

males produced functional haploid and diploid spermatozoa.
In consequence, among various spermatozoa of hybrid
males, small quantities of haploid and diploid spermatozoa

without morphological and physiological abnormalities may
have fertilized eggs and then produced viable progeny. The
fertilization by tetraploid spermatozoa was not confirmed

in the present study. Tetraploid spermatozoa with bigger
head were not expected to enter into eggs through micro-
pyle. Thus, inter-populational hybrid males gave reduced
potential in reproduction, especially in the process of

fertilization.
Genetic analyses using microsatellite genotypes indicated

that haploid spermatozoa are presumably formed by regular

meiotic process. Formation of haploid spermatozoa is similar
to that observed in some interspecific M. anguillicaudatus
female · M. mizolepis male hybrids in which production of a

small quantity of functional haploid spermatozoa was reported
(Fujimoto et al., 2008). In this point, the inter-populational
hybrids have gametogenetic manner similar to the interspecific

hybrids in the genus Misgurnus. Genetic analysis also disclosed
the formation of diploid spermatozoa with clonal or very
similar genotypes to the inter-populational hybrids. Such
diploid spermatozoa might be formed by unreduced sper-

matogenesis as previously reported in the diploid-triploid
mosaic loach (Morishima et al., 2004) and sex-reversed clone
(Yoshikawa et al., 2007, 2009).

In sperm of hybrids, three different cell populations with
haploid, diploid or tetraploid nucleus were flow-cytometrically
detected. Presence of three kinds of cells was also reported in

sperm sample of inter-specific Misgurnus hybrid males
(Fujimoto et al., 2008). Considering the occurrence of a few
diploid and very few triploid progenies after fertilization of

normal eggs with sperm of hybrid males, most diploid and all
tetraploid spermatozoa had very poor or no fertility. Such
infertile spermatozoa with diploid (2C DNA) and tetraploid
(4C) nucleus were also found in interspecific medaka hybrids

and considered to be matured and spermiated without
completion of the meiosis (Shimizu et al., 1997). The sper-

(b)(a)

(c) (d)

Fig. 2. Flow cytometry for ploidy determination based on relative DNA content of fin clips (a, c) and sperm (b, d) from wild type male (a, b) and
inter-populational hybrid male (c, d). Y axis of histogram is cell count, while X-axis means channel number (arbitrary unit)

Table 2
Frequencies of haploid (1C), diploid (2C) and tetraploid (4C) cell
populations shown by area percentage (%) and coefficient of variation
(CV%) in histograms of DNA content flow cytometry. Gated count of
cells ranges from approximately 5000 to 7000. M1 and K1 are wild
type males, collected in Memanbetsu, Abashiri County and Kita,
Sorachi County city, Hokkaido, Japan, respectively. MK 1–6 are inter-
populational hybrid males between a female from Memanbetsu and a
male from Kita

Male

Percentage(%) of each ploidy cell populations (CV%)

1C 2C 4C

M1 100 (2.60) 0 0
K1 100 (2.23) 0 0
MK1 13.66 (2.52) 32.63 (3.23) 41.68 (1.86)
MK2 17.69 (3.60) 48.60 (2.78) 23.69 (2.14)
MK3 8.06 (3.64) 31.54 (4.30) 53.13 (2.15)
MK4 14.57 (2.29) 31.57 (2.94) 44.82 (1.47)
MK5 20.98 (3.52) 49.60 (2.71) 23.23 (2.35)
MK6 16.81 (4.51) 35.70 (3.17) 40.72 (1.83)
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matogenesis in the inter-populational loach hybrids is similar
to that in the inter-specific hybrids.
As discussed above, the inter-populational hybrid males in

the loach demonstrated the reproductive capacity that often

observed in interspecific hybrids of other fish species, as in the
previous studies on hybrid females (Arias-Rodriguez et al.,
2009a). Thus, parental populations may be genetically distinct

to the level of inter-specific differences, which give rise to the
occurrence of aberrant reproductive manner. These results

strongly support our previous results based on the sequences
of mtDNA control region that there are at least two genetically
distinct groups in the Japanese loach, M. anguillicaudatus
(Morishima et al., 2008).
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Table 3
Hatching rate and relative DNA con-
tent (ploidy status) of the progeny
from the fertilization of sperm from
inter-populational hybrid males (MK)
in the loach. Kfi is wild type female,
collected in Kita, Sorachi County city,
Hokkaido, Japan. Of1 and Of2 are
wild type female, collected in Ohno,
Kameda County, Hokkaido. K1 is
wild type male, collected in Kita. MK
1–6 are inter-populational hybrid
males between a female from Mem-
anbetsu, Abashiri County Hokkaido
and a male from Kita, Sorachi County
city, Hokkaido, Japan

Exp.

Family

Egg no.

Hatching

n

Relative
DNA
content

Female Male Larva no. % 2C 3C

1 Kf1 K1 1027 980 95.4 80 80 0
MK1 715 2 0.3 2 1 1
MK2 518 1 0.2 1 1 0
MK3 549 0 0 0 0 0
MK4 608 0 0 0 0 0
MK5 407 3 0.7 3 1 2
MK6 413 0 0 0 0 0

2 Of1 K1 900 830 92.2 85 85 0
MK1 198 9 4.5 9 7 2
MK2 206 5 2.4 5 4 1
MK3 176 1 0.6 1 0 1
MK4 312 0 0 0 0 0
MK5 205 0 0 0 0 0
MK6 128 0 0 0 0 0

3 Of2 K1 456 430 94.2 80 80 0
MK1 380 6 1.6 3 0 3
MK2 245 0 0 0 0 0
MK3 406 0 0 0 0 0
MK4 368 0 0 0 0 0
MK5 425 0 0 0 0 0
MK6 195 0 0 0 0 0

Table 4
Microsatellite genotypes at six loci (Mado 1, 7, 8, 18, 21 and 27) in diploid and triploid progeny produced from crosses between wild type females
and inter-populational hybrid males. Diploid genotypes homozygous for one allele and triploid genotype s including tow to the same alleles are
estimated based on parental genotypes. Of1 and Of2 mean wild type females taken from Ohno, Hokuto city, Hokkaido, Japan. MK 1 and MK2
mean inter-populational hybrid males between Memanbetsu, Abashiri county, Hokkaido and Kita, Iwamizawa city,Hokkaido

Exp.
Parent ⁄
Progeny (Larvae no.)

Microsatellite genotypes

Mado 1 Mado 7 Mado 8 Mado 18 Mado 21 Mado 27

2 Female Of1 110 ⁄ 159 140 ⁄ 148 218 ⁄ 218 148 ⁄ 170 103 ⁄ 103 111 ⁄ 117
Male MK1 110 ⁄ 169 129 ⁄ 140 210 ⁄ 218 176 ⁄ 180 73 ⁄ 116 108 ⁄ 124
Progeny Diploid(7) 110 ⁄ 159(2) 129 ⁄ 140(2) 210 ⁄ 218(4) 148 ⁄ 180(3) 73 ⁄ 103(3) 108 ⁄ 111(2)

110 ⁄ 169(3) 129 ⁄ 148(2) 218 ⁄ 218(3) 170 ⁄ 176(1) 103 ⁄ 116(4) 111 ⁄ 124(1)
159 ⁄ 169(2) 140 ⁄ 140(1) 170 ⁄ 180(3) 108 ⁄ 117(4)

140 ⁄ 148(2)
Triploid(2) 110 ⁄ 159 ⁄ 169(2) 129 ⁄ 140 ⁄ 148(1) 210 ⁄ 218 ⁄ 218(2) 148 ⁄ 176 ⁄ 180(1) 73 ⁄ 103 ⁄ 116(1) 108 ⁄ 117 ⁄ 124(1)

129 ⁄ 140 ⁄ 140(1) 170 ⁄ 176 ⁄ 180(1) 103 ⁄ 116 ⁄ 116(1) 111 ⁄ 124 ⁄ 124(1)
2 Female Of1 110 ⁄ 159 140 ⁄ 148 218 ⁄ 218 148 ⁄ 170 103 ⁄ 103 111 ⁄ 117

Male MK2 110 ⁄ 169 129 ⁄ 140 210 ⁄ 223 176 ⁄ 180 73 ⁄ 100 108 ⁄ 124
Progeny Diploid(4) 110 ⁄ 110(1) 129 ⁄ 140(1) 210 ⁄ 218(3) 170 ⁄ 176(1) 73 ⁄ 103(1) 108 ⁄ 111(2)

110 ⁄ 159(2) 129 ⁄ 148(2) 218 ⁄ 223(1) 148 ⁄ 176(3) 100 ⁄ 103(3) 108 ⁄ 117(2)
159 ⁄ 169(1) 140 ⁄ 148(1)

Triploid(1) 110 ⁄ 159 ⁄ 169(1) 129 ⁄ 140 ⁄ 148(1) 210 ⁄ 218 ⁄ 223(1) 170 ⁄ 176 ⁄ 180(1) 73 ⁄ 100 ⁄ 103(1) 108 ⁄ 111 ⁄ 124(1)
3 Female Of2 159 ⁄ 178 129 ⁄ 136 218 ⁄ 218 148 ⁄ 170 103 ⁄ 103 124 ⁄ 130

Male MK1 110 ⁄ 169 129 ⁄ 140 210 ⁄ 218 176 ⁄ 180 73 ⁄ 116 108 ⁄ 124
Progeny Diploid(3) 159 ⁄ 169(3) 129 ⁄ 136(2) 218 ⁄ 218(1) 148 ⁄ 180(2) 103 ⁄ 116(2) 108 ⁄ 124(2)

136 ⁄ 140(1) 210 ⁄ 218(2) 170 ⁄ 180(1) 73 ⁄ 103(1) 124 ⁄ 124(1)
Triploid(3) 110 ⁄ 159 ⁄ 169(2) 129 ⁄ 136 ⁄ 140(1) 210 ⁄ 218 ⁄ 218(3) 148 ⁄ 176 ⁄ 180(2) 73 ⁄ 103 ⁄ 116(3) 108 ⁄ 124 ⁄ 130(3)

110 ⁄ 169 ⁄ 178(1) 129 ⁄ 129 ⁄ 140(2) 170 ⁄ 176 ⁄ 180(1)
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Fig. 3. Microsatellite Mado 1 (top) and Mado 21 (bottom) segregation
in the diploid and triploid (asterisk) progeny from the cross between
wild type female (Of2) and inter-populational hybrid male (MK 1). F,
female (Of2); M, male (MK1); 1–6, progeny. Allele size is indicated by
bp in right-side of each electrophoregram. Mado 1 genotypes (top):
male 110 ⁄ 169, female 159 ⁄ 178, no.1(diploid) 159 ⁄ 169, no.2(triploid)
110 ⁄ 169 ⁄ 178, no.3(triploid) 110 ⁄ 159 ⁄ 169, no.4(diploid) 159 ⁄ 169,
no.5(diploid) 159 ⁄ 169, no.6 (triploid) 110 ⁄ 159 ⁄ 169. Mado 21 geno-
types (bottom): Female 103 ⁄ 103, male 73 ⁄ 116, no.1 (diploid)
103 ⁄ 116, no.2 (triploid) 73 ⁄ 103 ⁄ 116, no.3(triploid) 73 ⁄ 103 ⁄ 116,
no.4(diploid) 73 ⁄ 103, no.5 (diploid) 103 ⁄ 116, mp.6 (triploid)
73 ⁄ 103 ⁄ 116
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