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ABSTRACT

Reciprocal hybrids between the mud loach (Misgurnus mizolepis) and cyprinid loach

(M. anguillicaudatus) were produced by artificial fertilization. The chromosome number of mud loach
was 2n=48, consisting of 12M+4SM+32A chromosomes. The cyprinid loach has 2n=50, consisting of
10M+4SM+36A chromosomes. The chromosome numbers of the diploid reciprocal hybrids were 2n=
49, consisting of 11M+4SM+34A chromosomes. All the karyotypes documented in this study had the
same arm number of 64. There was no evidence of chromosomal polymorphisms or sex-related
heteromorphism. The cytogenetic traits of the hybrid genotypes were intermediate between those of
the parent species. In all genotypes, the chromosomal NORs localized to the terminal short arms of
the same metacentric chromosome pair. These results suggest that Robertsonian translocation
occurred between metacentric chromosome 1 of mud loach and acrocentric chromosome of cyprinid
loach.
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INTRODUCTION

Fishes of the family Cobitidae comprise two subfami-
lies, Cobitinae and Botinae, which include about 26 gen-
era and around 177 species(Nelson, 2006). Cytogenetic
studies of 46 species of Cobitidae have been performed
(Animal Genome Size Database, 2011). Chromosomal
information of this family has demonstrated important
phenomena, including chromosomal rearrangements and
polyploidization events in the evolution of the early ver-
tebrates. Two species of the Cobitinae subfamily, the mud
loach (Misgurnus mizolepis Gunter, 1888) and cyprinid
loach (M. anguillicaudatus Cantor, 1842) are both found
in the freshwater of Korea and China.

The hybridization of fish species may be beneficial in
combining the advantageous attributes of the parental
species. The results of reciprocal hybridizations between
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the mud loach and cyprinid loach suggested that the hy-
brids showed excellent hatching success and early viabi-
lity (Kim et al., 1995). Interspecies hybridization also
provides information on the genetic, evolutionary, and
behavioral relationships between the parental species.
However, most fish cytogenetic studies have focused on
either the chromosomal arm numbers of the hybrids or
the heteromorphic chromosomes. Recently, afew studies
(Cioffi et al., 2010) have focused on the molecular and
cytotaxonomic aspects of karyotypic differentiation in
fishes, but the contribution of karyology to fish phyloge-
netics has so far been minimal. The comparative karyol-
ogy of M. mizolepis and M. anguillicaudatus, particular-
ly the differential distribution of NORs (nucleolar orga-
nizing regions) in their metaphase chromosomes, has not
yet been analyzed.

The objective of this study was to identify the origin of
the haploid complement of chromosomes found in these
hybrids and to evaluate the chromosomal NOR pheno-
types of the mud loach, the cyprinid loach, and their re-
ciprocal hybrids.

http://www.fishkorea.or.kr
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MATERIALS AND METHODS

Abbreviations

The abbreviations of the four genotypes examined in
this study are asfollows: MM, mud loach genotype; AA,
cyprinid loach genotype; MA, diploid hybrid produced
from female mud loach and male cyprinid loach; AM,
diploid hybrid produced from female cyprinid loach and
male mud loach.

Production of hybrids

The mud loach and cyprinid loach were obtained from
afish farm located in Jeollabuk-do, Korea. The fish were
temporarily maintained in laboratory aquariums at 28°C.
Eggs were obtained from 20 mature females (10 of each
species) after asingle intraperitoneal injection of human
chorionic gonadotropin (HCG) at a dose of 6~81U HCG
g™! bodyweight. Sperm were obtained from 12 mature
males (six of each species) after an injection of HCG (2
IU HCG g Ybodyweight). The eggs from each parental
species were fertilized with sperm from either mud loach
or cyprinid loach to produce reciprocal hybrids.

Erythrocyte nuclear size

The blood from each genotype was collected from the
caudal vein of each specimen. The extracted blood was
smeared on a glass dide, then fixed with 95% ethanol
and stained with a 10% phosphate-buffered Giemsa solu-
tion for 20 min. The mgjor (a) and minor (b) axes of 200
erythrocyte nuclei were measured using a micrometer
under 100 x magnifications. The surface area(s) and vol-
ume (v) were calculated as “s=abr/4 and v=4[a/2][b/2]?
/3.

Chromosome analysis

Fish with abody length of 7~ 15cm were injected in-
tramuscularly with 0.2 mL of 0.3% colchicine and main-
tained for 4 h. Their kidneys were removed for chromo-
some preparation. To release the single cells, the kidneys
were minced and subjected to hypotonic treatment in
0.075M KCI for 8 min at room temperature. After the
kidney cells were harvested and the hypotonic solution
removed, the cells were fixed for 8min at 4°C with stan-

dard acetic acid: methanol (1: 3) fixation. The fixed mate-
rial was washed and resuspended in fresh fixative, dropp-
ed onto pre-cleaned dides, and air dried. The dides were
stained in a 10% phosphate-buffered Giemsa solution.
The chromosomal indices were measured from photo-
graphs of the metaphase chromosomes. These measure-
ments were used to compute the relative chromosomal
lengths and to determine centromeric position of each
chromosome (Levan et al., 1964).

Ag-NOR analysis of erythrocytes and chromosomes

The procedure used to identify NORs was originaly
described by Howell and Black (1980). Briefly, the pre-
pared dlides were treated with a gelatin-silver nitrate solu-
tion, covered with a coverdip, incubated at 68°C for at
least 2 min, washed in deionized water, and air dried.

Flow-cytometric analysis

A flow-cytometric analysis was performed to estimate
the average cellular DNA content. Blood cells, at a con-
centration of more than 10° cells mL %, were collected
from the cauda veins of 20 individuals per genotype. The
cells were fixed in cold 70% ethanol and stained with
Cystain DNA 2 steps kit (Partec GmbH, Mnster, Ger-
many) for 15~ 30 min. The stained cell suspension was
analyzed with a Partec PA-Il flow cytometer (Partec
GmbH).

Statistical analysis

Differences in the genome contents and erythrocyte
sizes of the genotypes were tested by one-way analysis of
variance (AVOVA) and comparisons between means were
made with the Tukey test. Differences were considered
significant at P levels of 0.05 or 0.01.

RESULTS

The erythrocyte surface areas of the mud loach and
cyprinid loach were 10.63+0.21 and 11.15+0.22 um?,
respectively, and their volumes were 19.10+0.27 and
20.93+1.23 um?, respectively. The erythrocyte surface
areas and volumes of the reciprocal hybrids were inter-
mediate between those of their parents(Table 1). The hy-

Table 1. Comparison of erythrocyte nuclear sizes of mud loach (MM), cyprinid loach (AA) and their hybrids(MA & AM)

Item MM MA AM AA
Major axis(um) 5.12+0.27 5.16+0.18 5.17+0.27 5.21+0.28
Minor axis(um) 2.67+0.36 2.71+0.21 271+0.21 2.75+0.27
Surface area(um?) 10.63+0.21° 10.89-+0.28% 10.91+0.19% 11.15+0.22
Volume (um?) 19.10+0.27 19.92+0.22% 20.14+0.26% 20.93+1.23

Valuesindicate means=+ SD of five independent experiments. Means with different superscript letter in a same low are significantly different (P<0.05).

M: haploid from mud loach A: haploid from cyprinid loach

MA: mud loach (£ ) x cyprinid loach (7), AM: cyprinid loach (%) x mud loach (57)
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Table 2. Genome size measurement of mud loach (MM), cyprinid
loach (AA) and their hybrids(MA & AM) determined by flow-cytome-

try

Genome size Related value to
Genotypes (pg/call) mud loach sperm
DNA (%)
Mud loach (MM) 2.798+0.03 199.86
M (%) xAA () 2.902+0.05 207.29
AA(£)XMM (&) 2.913+0.06 208.07
Cyprinid loach (AA) 3.035+0.03 216.79
Mud loach sperm (M)* 1.40 100

*From Hardie and Hebert (2004)

Valuesindicate means+ SD of five independent experiments.

M: haploid from mud loach A: haploid from cyprinid loach

MA: mud loach (£) x cyprinid loach (&), AM: cyprinid loach () x mud
loach (&)

Table 3. Frequency distribution of erythrocyte nucleolar organizer
regions of mud loach (MM), cyprinid loach (AA) and their hybrids(MA
& AM)

Experimental  No. of fish No. _of No. of Ag-NORg/cell
rou examined 9@ ned

MM 10 100 4 24 67 5 O

MA 10 100 3 27 656 4 1

AM 10 100 3 31 64 2 O

AA 10 100 3 271 62 7 1

M: haploid from mud loach A: haploid from cyprinid loach
MA: mud loach (£) x cyprinid loach (&), AM: cyprinid loach () x mud
loach (&)
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Fig. 1. Representative metaphases and idiograms of female (a) and
male(b) mud loach. Bars are 10 um.

brids, MA and AM, showed average cellular DNA con-
tents that were intermediate between those of the mud
loach and the cyprinid loach. No difference in DNA con-
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Fig. 2. Representative metaphases and idiograms of hybrid between

mud loach and cyprinid loach (MA) female(a) and male (b). Bars are
10pum.
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Fig. 3. Representative metaphases and idiograms of hybrid between
cyprinid loach and mud loach (AM) female(a) and male (b). Bars are
10um.

tent was found between the sexes of each genotype(Table
2).

The numbers of erythrocytic Ag-NORs counted indi-
cated one and two nucleoli/cell for all genotypes(Table
3). Site and intensities of erythrocytic Ag-NORs did not
allow the reliable identification in the hybrids and paren-
tal genotypes. The chromosome number of mud loach
was 2n=48, consisting of 12M+4SM +32A chromoso-
mes (Fig. 1). The cyprinid loach has 2n=50, consisting
of 10M+4SM +36A chromosomes(Fig. 4). The hybrids
between the two species had 2n=49 chromosomes. Both
hybrid chromosome complements included 11M, 4SM,
and 34A chromosomes (Figs. 2, 3). All genotypes used
in this study had the same arm number of 64. There was
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Table 4. Chromosome counts of mud loach (MM), cyprinid loach (AA) and their hybrids(MA & AM)

Genotype No. of_ fish o No. of metaphase Frequency of chromosome number

examined counted 46 47 48 49 50 51 52
M 15 y 153 s 1w 1w 2 0 o o
MA 15 y 15 o s 12 a® 2 o o0
R T A
A 15 v 7 o o 1 14 1 1 o

M: haploid from mud loach A: haploid from cyprinid loach
MA: mud loach (%) x cyprinid loach (57), AM: cyprinid loach (%) x mud loach (57)
F: female, M: male

Table 5. Frequency distribution of chromosomal Ag-NORs (nucleolar organizer regions) of mud loach (MM), cyprinid loach (AA) and their
hybrids(MA & AM)

Genatype No. of_ fish o No. of active Frequency of chromosomal Ag-NORs
examined Ag-NOR counted 0 1 2 3 4
v 15 ' 120 R R
" : ; 158 S - A
AM 15 ' 120 s o1 w3 1
AR 15 ! 120 > 6 w2 1

M: haploid from mud loach A: haploid from cyprinid loach
MA: mud loach (%) x cyprinid loach (57), AM: cyprinid loach () x mud loach (57)
F: female, M: mae

Table 6. Numeral characteristics of the karyotype of mud loach(MM)

Chlrg:cfgme Long arm (um) Short arm (um) Tota length (um) Relativelength(%)  Centromeric index Classification
1 5.700 5.700 11.400 0.086 50.000 Metacentric
2 3.581 3.508 7.088 0.053 49.485 Metacentric
3 3.508 3471 6.979 0.053 49,738 Metacentric
4 3.508 3.420 6.928 0.052 49.367 Metacentric
5 2.558 1.827 4.385 0.033 41.667 Metacentric
6 2.448 1.681 4.129 0.031 40.708 Metacentric
7 5.298 2.010 7.308 0.055 27.500 Submetacentric
8 4.750 1.535 6.285 0.047 24.419 Submetacentric
9 6.431 0 6.431 0.049 0 Acrocentric

10 6.212 0 6.212 0.047 0 Acrocentric
11 6.138 0 6.138 0.046 0 Acrocentric
12 5.883 0 5.883 0.044 0 Acrocentric
13 5.262 0 5.262 0.040 0 Acrocentric
14 5.152 0 5.152 0.039 0 Acrocentric
15 5.115 0 5.115 0.039 0 Acrocentric
16 5.079 0 5.079 0.038 0 Acrocentric
17 4.750 0 4.750 0.036 0 Acrocentric
18 4.604 0 4.604 0.035 0 Acrocentric
19 4.458 0 4.458 0.034 0 Acrocentric
20 4.165 0 4.165 0.031 0 Acrocentric
21 4.129 0 4.129 0.031 0 Acrocentric
22 4,019 0 4.019 0.030 0 Acrocentric
23 3.508 0 3.508 0.026 0 Acrocentric
24 3.142 0 3.142 0.024 0 Acrocentric
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Table 7. Numeral characteristics of the karyotype of hybrid between female mud loach and male cyprinid loach (MA)

Ch;c;lr_r;c:]sgme Long arm (um) Short arm (um) Total length (um) Relativelength(%)  Centromeric index Classification
1 5.500 5.500 11.000 0.084 50.000 Metacentric
2 3.420 3.363 6.782 0.052 49.580 Metacentric
3 3.341 3.320 6.661 0.051 49.840 Metacentric
4 3.341 3.263 6.604 0.050 49.407 Metacentric
5 2415 1.703 4118 0.031 41.349 Metacentric
6 2.315 1.553 3.869 0.030 40.147 Metacentric
7 5.094 1.888 6.982 0.053 27.041 Submetacentric
8 4.560 1.432 5.992 0.046 23.900 Submetacentric
9 6.198 0 6.198 0.047 0 Acrocentric

10 5.984 0 5.984 0.046 0 Acrocentric
11 5.920 0 5.920 0.045 0 Acrocentric
12 5.664 0 5.664 0.043 0 Acrocentric
13 5.058 0 5.058 0.039 0 Acrocentric
14 4973 0 4973 0.038 0 Acrocentric
15 4,916 0 4,916 0.037 0 Acrocentric
16 4.880 0 4.880 0.037 0 Acrocentric
17 4574 0 4.574 0.035 0 Acrocentric
18 4.431 0 4.431 0.034 0 Acrocentric
19 4.282 0 4.282 0.033 0 Acrocentric
20 4.004 0 4.004 0.031 0 Acrocentric
21 3.990 0 3.990 0.030 0 Acrocentric
22 3.954 0 3.954 0.030 0 Acrocentric
23 3.861 0 3.861 0.029 0 Acrocentric
24 3.348 0 3.348 0.026 0 Acrocentric
25 2.992 0 2.992 0.023 0 Acrocentric

M: haploid from mud loach A: haploid from cyprinid loach

Table 8. Numeral characteristics of the karyotype of hybrid between female cyprinid loach and male mud loach (AM)

Ch;oar_?c;sgme Long arm (um) Short arm (um) Total length (um) Relativelength(%)  Centromeric index Classification
1 5.500 5.500 11.000 0.084 50.000 Metacentric
2 3.390 3.325 6.714 0.052 49.516 Metacentric
3 3.296 3.274 6.570 0.050 49.835 Metacentric
4 3.296 3.223 6.519 0.050 49.446 Metacentric
5 2371 1.641 4.011 0.031 40.901 Metacentric
6 2.255 1.482 3.737 0.029 39.652 Metacentric
7 5.081 1.836 6.917 0.053 26.541 Submetacentric
8 4.553 1.373 5.926 0.045 23.171 Submetacentric
9 6.216 0 6.216 0.048 0 Acrocentric

10 5.999 0 5.999 0.046 0 Acrocentric
11 5.934 0 5.934 0.046 0 Acrocentric
12 5.673 0 5.673 0.044 0 Acrocentric
13 5.066 0 5.066 0.039 0 Acrocentric
14 4.965 0 4.965 0.038 0 Acrocentric
15 4.900 0 4.900 0.038 0 Acrocentric
16 4.871 0 4.871 0.037 0 Acrocentric
17 4575 0 4575 0.035 0 Acrocentric
18 4.423 0 4.423 0.034 0 Acrocentric
19 4.264 0 4.264 0.033 0 Acrocentric
20 3.975 0 3.975 0.031 0 Acrocentric
21 3.961 0 3.961 0.030 0 Acrocentric
22 3.932 0 3.932 0.030 0 Acrocentric
23 3.838 0 3.838 0.029 0 Acrocentric
24 3.310 0 3.310 0.025 0 Acrocentric
25 2.963 0 2.963 0.023 0 Acrocentric

M: haploid from mud loach A: haploid from cyprinid loach
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Table 9. Numeral characteristics of the karyotype of cyprinid loach (AA)

Chromosome

pair 1o, Long arm (um) Short arm (um) Total length (um) Relativelength(%)  Centromeric index Classification
1 3.380 3.308 6.688 0.054 49.459 Metacentric
2 3.279 3.264 6.543 0.052 49.889 Metacentric
3 3.279 3.206 6.485 0.052 49.442 Metacentric
4 2.345 1.628 3.973 0.032 40.984 Metacentric
5 2.244 1.462 3.706 0.030 39.453 Metacentric
6 5.001 1.766 6.767 0.054 26.096 Submetacentric
7 4538 1.361 5.899 0.047 23.067 Submetacentric
8 6.152 0 6.152 0.049 0 Acrocentric
9 6.007 0 6.007 0.048 0 Acrocentric
10 5.942 0 5.942 0.048 0 Acrocentric
11 5.899 0 5.899 0.047 0 Acrocentric
12 5.682 0 5.682 0.046 0 Acrocentric
13 5.088 0 5.088 0.041 0 Acrocentric
14 4,972 0 4,972 0.040 0 Acrocentric
15 4.885 0 4.885 0.039 0 Acrocentric
16 4.878 0 4878 0.039 0 Acrocentric
17 4.567 0 4567 0.037 0 Acrocentric
18 4.437 0 4.437 0.036 0 Acrocentric
19 4.256 0 4.256 0.034 0 Acrocentric
20 3.981 0 3.981 0.032 0 Acrocentric
21 3.959 0 3.959 0.032 0 Acrocentric
22 3.937 0 3.937 0.032 0 Acrocentric
23 3.843 0 3.843 0.031 0 Acrocentric
24 3.293 0 3.293 0.026 0 Acrocentric
25 2.967 0 2.967 0.024 0 Acrocentric
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no evidence of chromosomal polymorphisms, such as
aneuploidy or sex-related heteromorphism. The haploid
complement of the mud loach contains one fewer chro-
mosome than that of the cyprinid loach. The largest meta
centric chromosome (relative length of 0.086%) in the
haploid complement of the mud loach spread was equiv-
alent to two acrocentric chromosomes in the haploid com-
plement of the cyprinid loach (Tables 6, 9). The extra

Fig. 5. Ag-NORs stained metaphases of mud loach (MM), cyprinid
loach (AA) and their hybrids(MA & AM). Bars are 10um. The arrows
indicate active Ag-NORs signal.

chromosome (relative length of 0.084%) in the haploid
complements of the reciprocal hybrids derived from the
largest metacentric chromosome of the mud loach (Tables
7, 8).
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Fig. 6. Partial karyotypes of mud loach (MM), cyprinid loach (AA)
and their hybrids(MA & AM) to show a pair of chromosomes dis-
playing active Ag-NORs.

The numbers and location(s) of active chromosomal
NORs were identical between and within the four geno-
types examined. All these active NORs were located
telomerically and occurred as a single pair (Figs. 5, 6)
(Table 5). Numerical analysis showed that the active
NORs were on the same chromosomes in all the geno-
types examined. There was no evidence of chromosomal
NOR polymorphisms between the genotypes or within
the genotypes.

DISCUSSION

Interspecific hybridization is used commercialy in
aquaculture to produce desired changes in the attributes
of fish strains. Moreover, interspecific or intergeneric
hybridization can contribute data about the inheritance of
chromosomal variations caused by Robertsonian rear-
rangements (Boron, 2003), such as the fusion of two acro-
centric chromosomes into one metacentric chromosome.
The haploid chromosome sets of the parental speciesin
the chromosome complements of interspecific hybrids
have been identified in some species(Martin et al., 2008;
Hashimoto et al., 2009).

Measuring of hematological parametersis a quick me-
thod of determining polyploidy, because increasesin the
erythrocyte cell and nuclear volumes are associated with
results from an increase in their DNA contents. However,
this method appears to be unreliable for hybrids between
species with similar genome sizes, such as those examin-
ed in this study.

Flow cytometry allows the precise determination of the
amount of DNA in the tissue cells of fish embryos and
the blood cells of juvenile and adult specimens. This me-

thod has allowed the detection of mosaicism in genetical-
ly manipulated kokanee salmon (Oncorhynchus nerka)
(Tanaka et al., 2003). The hybrids, MA and AM, were
intermediate cellular DNA contents between those of the
mud loach and the cyprinid loach. Therefore, the C-val-
ues observed in this study may indicate that the possibi-
lity of karyoevolution between the mud loach (1.40 pg/
cell) and cyprinid loach (1.52 pg/cell) evolved by chromo-
some rearrangement.

NORs are chromosomal regions involved in the tran-
scription of ribosomal genes. If these regions are active
during the interphase that precedes mitosis, they can be
detected by silver nitrate staining. Therefore, this tech-
nigue actually reveals active NORs, but not the rDNA
associated with the NORs. Analyzing the number of nu-
cleoli per erythrocyte cell is a simple and quick method
for confirming the ploidy or hybrid status of specimens.
Analysis of the numbers of erythrocytic NORs has been
used effectively to determine ploidy, such asin the tripl-
oid rainbow trout (Philips et al., 1986) and hexaploid
sturgeon (Flgjshans and Vgjcova, 2000). In previous stud-
ies(Kim et al., 1995; Park et al., 2006), the karyological
traits, growth performance, and morphometric traits of
these reciprocal hybrids were intermediate between those
of the two parents. The reciprocal hybrids also displayed
excellent hatching success and early viability. These phe-
nomena indicate the compatibility of the parental geno-
mes and their synchronization in successive cell divisions.
However, the haploid sets of the parental speciesin the
chromosoma complements of the reciprocal hybrids were
unclear.

In the present study, cytogenetic results may indicate
that Robertsonian translocation occurred in the evolution
between the mud loach and cyprinid loach. However,
further research is required to determine whether Robert-
sonian fusion occurred between acrocentric chromosomes
in the cyprinid loach. Molecular cytogenetic techniques,
such as genomic in situ hybridization, may allow to a
more definitive analysis of these reciprocal hybrids and
the origins of the parental fishes, when the total genomic
DNA from one parent is labeled and hybridized with the
fluorescently labeled chromosomes of the other parental
fish. Fluorescent in situ hybridization (FISH) analysis of
telomeric sequence repeats (TTAGGG),, may also revea
karyotypic rearrangements attributable to Robertsonian
fusion between the parental fish species as the presence
of (TTAGGG),, sequences at nontelomeric sites in addi-
tion to the telomeric regions(Phillips et al., 2005; Cioffi
et al., 2010).

The numbers and location(s) of active chromosomal
NORs were identical between and within the four geno-
types examined. All these active NORs were located tel-
omerically and occurred as a single pair. Numerical an-
alysis showed that the active NORs were on the same
chromosomes in al the genotypes examined. These re-
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sults may indicate that the phylogenetic relationship bet-
ween the mud loach and cyprinid loach was well-con-
served, because they have retained a constant number of
active chromosomal NORs throughout evolution. The
chromosoma NORs of the ray-fin fishes (Actinopterygii)
are generally located in telomeric regions (p or g arm)
(Vitturi et al., 2005; Sczepanski et al., 2010). However,
it is possible that a NOR can move from one chromosome
to another chromosome or from one site to ancther by
mechanisms that do not involve evolutionary chromo-
somal rearrangements or transl ocations (Santi-Rampazzo
et al., 2008). Severa studies have confirmed polymorph-
isms in the NOR phenotypes of fishes and amphibians
(Gold, 1984; Phillips and Rab, 2000).

In the previous studies (Vitturi et al., 2005; Porto-For-
edti et al., 2006; Li et al., 2010), the NOR phenotype was
detected with chromomycin A or the chromosomal local-
ization of ribosomal genes (rDNASs) by FISH. The Ag-
NORs represent the chromosomal regions where the acti-
vely transcribed rDNAs(18S, 5.8S and 28S) cluster. FISH
of the major or minor rDNASs can detect all rDNA loci on
the chromosomes. Consequently, the identification of
rDNAs, which include repetitive sequences, on the chro-
mosomes of the parental fishes should lead to the clear
molecular characterization of the chromosomes. These
data might clarify the various hypotheses about the ori-
gin of the extra chromosomes observed in haploid chro-
mosome complements of the hybrids and the process of
chromosomal evolution that links the two parental spec-
ies.
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