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P. Rab (1991) Fish cytogenetics and its application in fish
reproductive biology. Bull. Inst. Zool., Academia Sinica Monograph
16: 357-373. Why fish -cytogenetics (and/or cytotaxonomy) is, or
would be applied in reproductive biology of fishes? Similarly as in
domestic animals and birds, the progress of fish reproductive biology
may profit from this discipline of cytology. Although it has deve-
loped very rapidly, especially in recent years, being in the descrip-
tive developmental stage it is still underdeveloped in comparison
with the cytogenetics of higher domestic animals. From about 20,000
fish species estimated to occur, the basic karyotype characteristics,
i.e., diploid chromosome number (2z) and number of chromosome
arms (NF), are known for not more than 1,700 fish species, which
represents only about 9% of the total number. Of the economically
important species, these basic data are available nearly exclusively
for freshwater groups such as acipenserids, salmonids, cyprinids,
cichlids and several others; marine important species are cytogene-
tically fairly unexploited. In general, descriptions based on conven-
tionally Giemsa stained chromosomes highly prevail; due to small
chromosome size of majority of species they are also often unperfect.
The application of chromosome banding techniques has been quite
limited.

The future efforts in relation to the fish reproductive biology
should be focused at least as follow: 1) Application and introducing
novel and sophisticated chromosome banding techniques including
molecular ones; 2) Establishing “standard karyotypes” for econo-
mically important species; 3) Screening for chromosomal disorders
and studying their relationships to fecundity; 4) Studying pollution-
related chromosomal abberation; 5) Studying sex determination at
chromosomal level using molecular techniques, too; 6) Application
of cytogenetic methods in fish chromosome manipulation procedures
including gene transfer. :

In conclusion, one can suggest that cytogenetics in fish biology
should play an analogous role as it does in biology and veterinary
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sciences of domestic animals offering large application potential
and, thus, its contribution is unreplaceable.

Key words:

Since the research on the re-

productive biology of fishes concerns
on the species of economical or other
(e. g., artificial propagation, conserva-
tion, etc.) importance the situation
with application of cytogenetic me-
thods parallels to that in veterinary
sciences. The remarkable achieve-

ments of veterinary cytogenetics
(e. g., Fechheimer, 1984) may, there-
fore, serve as a good comparative
tool to our subject. For example,
the application of conventional and
banding karyotyping techniques to
different

animal species has provided a vast

a number of domestic
array of more of less generally ac-
cepted standard karyotypes. Karyo-
type characteristics as revealed by
banding patterns confirmed the hypo-
theses regarding the origin of many
domestic animals from their wild

ancestors. Chromosomal polymor-
phisms of different kinds have been
discovered and their distributions

have been studied in many strains,

breeds and/or species of

races,,

domestic animals. Cytogenetic an-

alyses of abortuses, neonatates,

malformed young or infertile in-

dividuals have

demonstrated the

Fish cytogenetics, Reproductive biology, Prospectives.

relationships of various chromosomal
abberations with etiology of such
disorders. The physical and chemical
agents cause chromosomal damages
as has been evidenced in livestocks
from polluted regions. Developments
in molecular biology have provided
a number of extremely useful
techniques which enable a direct,
cytological mapping of gene localiza-
tions.

Why fish cytogenetics (which
refers to studies of various aspects
of the

structure and function) and/or cyto-

chromosome morphology,
taxonomy (which utilizes some of
thus obtained data to compare the
chromosome sets - between  cell
populations, individuals, populations
or higher taxonomic units) is or would
be applied to the reproductive biology
of fishes?

animals and birds, the progress of

Similarly as in domestic

fish reproductive biclogy may profit
from both these disciplines of cyto-

logy.
exhaustive as

This paper is by no means
it summarizes the
thesis of a lecture presented at the
Symposium; its aim is to briefly

review the current status of fish
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cytogenetics and to show what
cytogenetic data and techniques can
be utilized in the fish reproductive

biology.

BRIEF REVIEW OF CURRENT
STATUS OF FISH
CYTOGENETICS

The first
chromosomes dates back te the last

decade of the XIXth century (quoted
in Makino, 1951), and many other

information on fish

data have been subsequently gathered
during next about sixty vyears
(Makino, 1951; Nogusa, 1960). How-
ever, the rapid development took
place, as in cytogenetics of all
animals in general, after introducing
novel cytogenetic procedures, i.e.,
colchicine inhibition of dividing cells
at metaphase stage and hypotonic
pretreatment of cells for spreading
the chromosomes in early sixties
(e. g, Roberts, 1964) as

application and development of

well as

various banding techniques since

seventies (e. g., McGregor and Varley,
1983).
methods was concomitant with the

The application of such
survey of fish tissues suitable either
directly or wia cultured cells for
chromosome analyses (e.g., Ivanov,
1972; Denton, 1973; Ojima, 1982;
Blaxhall, 1985; Hartley and Horne,

1985; Ueda, 1986). Although the
limiting factors still remain obtain-
ing of consistently good metaphase
cells with well spread chromosomes
and some details concerning the
application of chromosome banding
fish
are now armed with many powerful
which enable their

other fields of research activities,

analyses, the cytogeneticists

tools use in

too.

A) Methodology

Although it is clear that the
progress in any field of research
activity depends primarily on the
development of its methodology, the
aim of this paper is not to review
or discuss the methodological pecu-
fish cytogenetics. In
general, the basic principles are the

larities of

same as in most other animal groups,
t. e., obtaining and preparing chromo-
somes from dividing cells of different
tissues either directly or wvia cell
At present, direct prepar-
highly
Despite of some minor

cultures.
ing of fish chromosomes
prevails.
differences, all subsequent

of handling with these

special
methods
chromosomes are basically the same
as in other vertebrates. A num-
ber of extensive and good reviews
on this subject exists (for most

recent one, see Gold ef al.,, 1990 and
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references therein) and will not be
described here.

B) Fish chromosomes and karyotypes

Of about more than 20,000 fish
and fish-like species estimated to
occur (Cohen, 1970), the basic karjro-
type diploid
chromosome number (2n) and com-

characteristics, 1i.e.,
position of chromosome set expressed
as a number of chromosome arms
(NF), are known for not more than
1,700 fish species, which repres-
ents about 9% of the total fish
species only. The distribution of
these available data among particular
fish groups and/or fish faunas is by

Several fish
cytogenetically

no means irregular.
groups are well
studied in

species, populations and individuals

terms of number of
analyzed as well as banding pro-
cedures applied while others are
For

instance, the Salmonidae as a whole

nearly or completely unknown.

are the best karyologically known
fish group (Hartley, 1987) though
coregonids (Jankun and Rab, 1991)
or huchonines (Rab ef al., 1991) have
been studied comparatively far less;
chromosomes of salmonids have been
studied extensively in North America,
Europe, but
practically no Treports exist from

eastern Siberia, etc,

inner Asia (Mongolia, north-western

China). The
family Cyprinidae, the largest fish

karyotypes of the

family, are well or sufficiently well
known from North America (Am-
emiya and Gold, 1990 and papers
quoted therein), Europe (Vasiljev,
1985), eastern Asia (e. g. Ojima et al.,
1972; Lee et al., 1983; Yu et al., 1987),
India (e.g. Khuda-Bukhsh '
1986) but
Archipelago and Africa, respectively
(Vervoort, 1980; Rab, 1981; CQeller-
and Skelton, 1990). The

loaches (Cobitidae) have karyologic-

et al.,

unknown from Sunda

mann

ally been ahalyzed in Japan and
1986
and papers quoted therein), Europe
(Vasiljev, 1990; Rab et al., 1991) but
the rich cobitid fauna of southern
Asia
Sturgeons and Acipenseridae have

Korea (e.g, Kim- and Lee,

remains nearly unknown.
been analyzed -most of all in.Europe
but North American species are
surprisingly unstudied (e. g., Birstein
and Vasiljev, 1987; Arefjev, 1987).
The chromosomes of South American
characins and related groups have
intensively been studied (Oliveira et
al., 1988) but African represen'tatives
are unknown. Similar situation can
be found

some data are available for North

among catfishes where

American and Asian species but both

rich founa in South America and
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Africa are unexploited cytogenetic-
ally. This is also the case of many
groups of cyprinodontiform fishes;
there are some good studies such
as for Oryzias (Uwa and Parenti,
1988), Poecillia (Sola et al., 1990),
but others are absent. Of the
perciform groups, many data have
been gathered for Centrarchidae
(Roberts, 1964), Cichlidae (Oliveira

et al., 1988), Percidae (Rab et al,
1987), Gobiidae (Webb, 1986 and
references therein) and several

others, but information on karyology
of most other groups is far from
finish these
brief review: it is evident that the
freshwater fish species are far better
studied than the
Of the economically

 being complete. To

karyologically
marine ones.
or in other way important species,
the karyological data are available
nearly exclusively for freshwater
ones such as acipenserids, salmonids,
cyprinids, cichlids and several others
while marine species are cytogenetic-
ally fairly unexploited. The most
recent general review on chromosome
numbers and brief karyotype descrip-
and fish-like ver-
in Vasiljev

tions in fishes
tebrates can be found
- (1985)
data are gathered in Chromosomal
Data Retrieval List by Y. Ojima

(The Japan Fish Bioscience Institute,

and recently accumulated

lids,

Hyogo, Japan) or in Database of
Fish Karyotypes by W.H. LeGrande
(University of Wisconsin, Steven’s
Point, U.S. A.).

The 2n values in fishes range
from 16 in anabatoid fish, Sphaerich-
thys osphromenoides (Calton and
Denton, 1974) to 240 in
evolutionary octaploid sturgeons of
the genus Acipenser (Birstein and
Vasiljev, 1987) but range between 40
and 60 in most (about 80%) species
The karyotypes

about

investigated so far.
with high chromosome numbers of
about 100 and 150, respectively, occur
in fish groups of polyploid origin
salmonids,

such as acipenserids,

cyprinids, catostomids and cobitids.

No generalization can be made
on karyotype structures of fishes;
many groups have very similar and
conserved karyotypes (e.g. acipen-
serids, leuciscine cyprinids, anguil-
poeciliids, many perciform
groups, etc.) while the other have
highly diversified karyotypes (e.g.
esocoids, salmonids, cyprinodontids,
oryazitids, goodeids, etc.). Chromo-
somes of fishes are relatively very
small (given in" mitotic metaphase)
as compared to chromosomes of
mammals or frogs though several
groups (salmonids, dipnoans) have
chromosomes as large or even larger

as mammals. The size extent of
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fish chromosomes can be well de-

monstrated in the Kkaryotypes of
sturgeons: their sets comprises of

all sizes of chromosomes from
micro-to macro-elements.

The same conclusion that gener-
impossible or at least
the
The

application of banding procedures to

alization is

premature, applies also to

‘structure of fish chromosomes.

fish chromosomes showed that me-
thods other
vertebrates also visualize .structures

commonly used in

such as constitutive heterochromatin,
nucleolus organizer regions and more
or-less sufficient serial bands obtain-
ed by several methods. However,
the difference seems to be in pro-
ducing serial bands with AT- and
CG-specific fluorochromes  which
in fishes differentiate NOR-related
heterochromatin only (Rab and Mayr,
1987 and references therein) but no
or very few other bands (Mayr et
al., 1987). This fact may indicate
the lack of AT- and CG-
regions corresponding to G- and R-
bands, respectively (Holmquist, 1988).
Medrano et al. (1988) showed that
compositional DNA
alization of fish genome

rich

compartment-
strictly
parallel§ the results of such chromo-
some bandings and they found well
expressed differences in banding

properties of chromosomes among fish

species of different groups. It is evident
that molecular approach will und-
oubtedly bring many new data about
the structure of fish chromosomes.

WHAT DATA AND PROCE-
DURES ARE APPLICABLE IN
FISH REPRODUCTIVE
BIOLOGY AND WHAT SHOULD
BE DONE TO APPLY THEM

1) The absolute prerequiste for
any application of cytogenetic data
in fish biology 1is establishing the
so-called “standard karyotype”, i.e,

~ generally accepted norm to which

all cytogenetic data are referred to.
Such karyotype standards enable
exactly to describe and list any kind
of chromosome/karyotype variation,
e. g., abberations, abnormalities, poly-
morphisms, mosaicisms, sex differ-
ences, etc. Karyotype standards are
available for humans (ISCN, 1978,
1985) and all domestic mammals
(Ford et al., 1980; ISCNDA, 1989)
and are being precised continuously;
e. g., the Committee for Standardized
Karyotype of Sus scrofa domestica
established in 1984 at 6th European
Colloquium on Cytogenetics of Do-
mestic Animals, Zurich, Switzerland,
has published the most recent stand-
in 1988.

fishes, standard karyotypes are not

ard karyotype Among

available except for three cases.
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The
(Anguilla anguilla) has been studied

karyotype of European eel
to great details including chromo-
some banding analyses (Sola et al.,
1980, 1984; Wiberg, 1983; Medrano
et al., 1983) and karyotype standard
can simply be derived from these
data. The rainbow trout, Oncorhyn-
chus has

mykiss, cytogenetically

been studied in numerous papers (for.

review, see Flajshans and Rab, 1990)
but only Thorgaard (1976, 1977, 1983)
chromosomes from

throughout the

described its
native populations
original range of distribution. Among
these populations he distinguished
four distinct karyotypic types ‘to
which different from domestic strains
can be assigned (Flajshans and Rab,
1990).
ard of this species can be derived
Finally, chromo-

Again, the karyotype stand-

from these data.
somes of the common carp, Cyprinus
carpio, have been studied by many
authors (Rab, upubl.) but nearly all
descriptions of its karyotype differ

each other especially vdue to high‘

number (27=100) of relatively very
small chromosomes. Rab and Roth
(1987) and Rab et al. (1989) pro-
posed the idiogram and standard
karyotype based on extensive metric
analysis of carp chromosomes using
CHROMPAC 1II computer program

for classification of  particular

chromosomes (Green et al., 1980, 1984).
They used the wild form of common
carp, C. cyprinus haematopterus, for
the proposal of such Kkaryotype
standard to avoid the effects of inbre-
eding, interstrain and interpopulation
crossings, domestication processes,
etc. Essentially the same karyotype
structure for a carp of European
origin has been reported by Klink-
hardt and Bunk (1988) after careful
metrical analysis. In the absence of
banding data other than the Ag-NOR
karyotype of this
species can be divided into eight

staining, the

more or less defined groups accord-
ing to the size and morphology
which were denoted A to H. It is
apparent that establishing of accept-
ed karyotype standards for other
species of interest is the next neces-
sary step and should be organized
by the same way as mentioned for
humans and domestic mammals.

2) By analogy with mammals
and birds, the reproductive traits are
undoubtedly affected negatively by
various chromosomal disorders. Fish
species of interest have mostly high
numbers of progeny and losses which
may be caused by such chromosomal
defects are outnumbered by those
caused by environmental factors; or,
more correctly, losses caused by en-
vironmental and genetic/cytogenetic
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factors, respectively, are not being
While
this problem may be negligible in
the wild, the stocked or in by other
way managed fish populations. This

distinguishable at present.

is apparently not the case in in-
tensive breeding programmes with
careful selection of individuals for
carriers

propagation where such

of chromosomal defects have to be
This
area in the

excluded from the breeding.
is an wunexploited
fish reproductive biology.

the absence of standard karyotypes

Again,

does not make possible to distinguish
the
abnormal karyotypes in particular

limits between normal and
species.
the

actual

karyotypes in particular
“The
absence of

effects of such well described and

subsequent problem is

knowledge of

defined abnormalities on the repro-
ductive traits. At present, there are
few reports only on probably chromo-
somal abberations in colored “koi”
carps (Ojima and Takai, 1981) and
some European common carp strains
(Al-Sabti, 1986a, 1986b). Using the
chromosome nomenclature system
for common carp proposed by Rab
et al. (}989), one of the karyotype
rearrangements described by Ojima
and Takai (1981) can be described
(as an example) as follows: 99, —D,
~F, +t (Dq, Fq), 1-4 min (7. ¢, fusion

of the largest metacentrics of the
group D with the largest subtelocen-
trics of the group F with variable
number of 1-4 minute elements). The
presence of minute elements in the
common carp karyotype has also
been recorded by several authors
(Ohno et al., 1967, Marian-Krasznai
and Krasznai, 1978), but their origin
is unclear and may represent super-
The
fixation of such rearranged karyo-
types
common carp populations or lines

numerary B-chromosomes.

is more probable in inbred

“where actual indications on lowered

fecundity and survival rate in pro-
geny 1987). -
Screening for chromosomal disorders

exist (Kirpichnikov,
and studying of their relationships
to the reproductive traits is there-
fore another important application
field of cytogenetics.

3) Fishes are firmly confined to
the water environment and are there-
fore more exposed to pollutants
released into the water than other
animal groups. The part of repro-
ductive success in fishes directly or
depends on

indirectly pollution-

related toxicity of environment.
There are three cytological methods
the

on. the structure of genome.

effects
The
micronuclei test (MNT) is a simple

to observe genotoxic

method developed originally to test
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the genotoxicity of various chemical
compounds in mammalian chromo-
from the bone
marrow 1977).
fishes, this method has been applied
to eastern mudminnow, Umbra
pygmaea (Hoftman and de Raat, 1982)

tench ( Tinca

somes prepared

(Evans, Among

and common carp,
tinca), and grass carp (Ctenopharyn-
godon idella) (Al-Sabti, 1986b) to
test different and

mutagenic agents.

cancerogenic
Genetic toxico-
logy can effectively use also the
other method of so-called “sister
chromatid exchange” test (SCE test),
the

replication

~a procedure being technically
BrdU pulse
banding which visualizes directly the

same as

chromatid breaks and their prepara-
tion by exchanged chromatids (Perry
and Wolf, 1974). The test can be
utilized both in wvitro or in wivo
directly on living fishes according
to the experimental The
details of this test applied to fish
material were given by Kligerman
(1982).
SCE’s have been documented after

design.

The increased frequencies of

exposing to many chemical mutagens
in mudminnows, Umbra spp. (Kliger-
man, 1979; Kligerman and Bloom,
1976; Kligerman ef al., 1975, 1984;
Vigfusson ef al., 1983), killifish, No-
thobranchius rachowi (Kerhoff and
Gaag, 1985), goodeid fish, Ameca

splendens (Barker and Rackham,
1979), or cottid fish, Leptocottus
armatus (Zakour et al., 1984). Another
to study the
chemical genotoxic effects is direct

way physical and

observatios of abberation of chro-

matid (e.g, breaks, gaps) or
chromosomal (e.g. fragmentation,
rings, dicentrics) types. The in-

creased rates of such chromosomal
damages have been reported after
X-irradiation in mudminnow, Umbra
limi (Mong and Berra, 1979, Suyama
and Etoh, 1983), and goodeid fish,
Ameca splendens (Woodhead, 1979);
after exposition to various chemicals
in common carp (Al-Sabti. 1986d),
killifish, Nothobranchius rachowi (Ho-
oftman, 1981), goby, Boleophthalmus
dussumieri (Krishnaja and Rege,
1982);
to polluted water, too (Prein et al.,
1978).

suitable fish models for cytogenetic

and simply after exposition

Technical prerequisites of
toxicology are low 2x value, large
chromosomes, short lifespan and easy
rearing and/or breeding (Kligerman,
1975, 1982; Hoeven ef al., 1982). How-
ever, the problem is related again to
the recognition of the limits between
normal and abnormal karyotypes.

4) Sex determination in fishes
represents vast array of sex determin-
ing systems from purely environ-
mental to purely genetic ones (Bull,
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1983).
of heteromorphic sex chromosome

At present, several types

systems have been described in
nearly 100 species from about 1,700
karyotyped. The list of heteromor-

phic sex chromosomes discovered

among fishes can be found in Ojima’

(1982, 1983), Vasiljev (1985) and
Rishi (1989). Besides these hetero-
morphic sex chromosomes are

clearly recognizable after conven-

tional Giemsa staining, the sex
chromosomes or more correctly sex-
related chromosomal regions can be
identified after application of the
banding techniques. Haaf
Schmid (1984) described such sex-
C-banding and DA/DAPI
fluorescence heterochromatic regions
sphenops.

sex-related,

specific,

in poeciliid fish, Poecilia
'The same system of
C-positive heterochromatin has been
found in another poeciliid, Poecilia
latipinna (Sola et al., 1990). Both
systems can be interpreted as sex
chromosomes of the ZW/ZZ type.
The reverse system of XX/XY type
has been identified in the lake trout,
Salvelinus namaykush, the sex-related
heterochromatin shows visible posi-
tive quinacrine fluorescence pattern
(Phillips and Ihssen, 1985). Similar
system is recognizable as he-
male-related, C-positive
band

terozygous,;

heterochromatin localized

and

telomerically seems to be present in |
the northern pike, FEsox [lucius (Rab
and Roth, 1990) and probably also in
other species of FEsox (Rab, un-
published).
the hypothesis that very primary
step in the differentiation between
X and Y (or Z and W, respectively)
is the concentration of highly repeti-

These findings support

tive DNA sequence, i. e, hetero-
chromatinization in Y (or W) which
precedes the morphological differen-
tiation of heteromorphic sex chromo-
It is very probable that such

sex-related heterochromatins. are

somes.

much more distributed among fishes
The .
recognition of sex heterochromatins,

than it is known at present.

including molecular approach with
sex-specific DNA probes as done in

humans and domestic mammals
(Aasen and Medrano, 1990), will
bring many new data about sex

fishes.
Undoubtedly, this is very promising

determination systems in
direction in fish chromosome research
applicable in the reproductive biology.

5) The chromosome set man-
ipulations in fishes are most obvious
application of this
direction in fish genetics and repro-

cytogenetics;

duction may be called also “exper-
imental and applied cytogenetics”.
The chromosome set m'anipulations
refer to induced gynogenesis and
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andrognesis, induction of different

ploidy levels, sex reversal, in-

terspecific hybridization connected
triploidization and production of
transgenic animals and have been
reviewed thoroughly several times
1983; 1983;
Chourrout, 1986; Thorgaard and
Allen, 1987; Rab and Linhart, 1989;
Hew et al., 1991; Chen et al., 1991).

The main problems in this field are:

(Purodom, Thorgaard,

modes of genetic inhibition of

paternal  (in  gynogenesis) and
maternal (in androgenesis) genomes,

modes of restitution of diploidy and
 their

species after induction of gynogenetic

optimization in particular
and androgenetic development, evid-
ence of non-participation of paternal
(gynogenesis) of (and-
rogenesis) genomes in progeny, the

maternal

estimation of inbreedig rates in

gynogenetic and/or  androgenetic
‘generations, both intra- and inter-
specific modes of production of
triploid, tetraploid or even higher-
ploidy levels, administration of sex-
number  and

changing  agents,

localization of gene inserts, etc.
Cytogenetic techniques are or can be
applied routinely in most of these
The

storation of diploidy after induction

problems. success with re-

of gynogenesis (androgensis) and

distinguishing of haploids, diploids

or mosaic individuals can be’assessed
by karyological analysis. The hybrid
chromosomal sets are recognizable
after induction of triploidy combined
with heterospecific insemination. The
ploidy level in ploidy-manipulated
individuals - can be determined by
means of direct karyological analysis,
enzyme electrophoretic analysis and
methods of cell/ DNA content such
microdensito-

as  flow cytometry,

measurement or
Coulter Counter Channelyzer An-
alysis (Thorgaard, 1983; Benfey et al.,
1984; Wattendorff, 1986; McCarther,
1987). Simple cytological method

for ploidy determination is quantifica-

metry, cell size

tion of number of nucleolar organizer
regions in interphase nuclei (Phillips
et al., 1986); this method is rapid, in-
expensive and convenient (Flajshans
et al., in press). Possible cytological
sex determination can be confronted
with results of sex reversal experi-
ments. The

hybridization with DNA probes on

introduction of in sifu

fish chromosomes is necessary for

localization of inserted genes to
study their random and/or regular
insertions. This, along with localiza-
tion of other genes and constructing
chromosomal maps, may also be a
promising direction of research

activities.
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CONCLUSION

While completing
two very similar reviews on the

this paper,

same subject, ¢.e.,, fish cytogenetics
“and its application, and methodo-
logical improvements, respectively,
appeared simultaneously (Rishi, 1989
and Gold et al., 1990). This fact
clearly demonstrates the need of
summarizing the remarkable achieve-
it has

overcome the descriptive develop-

ments in fish cytogenetics:

mental stage in terms of many
techniques and procedures used and
gathered data and already reached
the level which enables
and extensive utilization. It is
evident that application potential of
fish

increase

cytogenetics will gradually
with

chromosome

introducing novel

methods of analysis

including molecular ones. Sum-
marizing this brief review, one can
therefore suggest that cytogenetics
in the fish

should play an analogous role as

reproductive biology

it does in the biology and veterinary
science of domestic animals; it
offers'th‘e large application potential
and its contribution to further deve-
lopment of fish biology is unreplace-

able.

its large
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