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Abstract A total of 52 reciprocal translocations and 9
pericentric inversions were induced and identified in
both standard and cytologically marked barley karyo-
types using gamma-rays as the clastogenic agent. An
analysis based upon Giemsa N-banding patterns and
arm length measurements of the reconstructed chromo-
somes enabled a rather precise cytological localization
of intra- and interchange breakpoints. This analysis was
significantly facilitated and improved, especially for the
identification of pericentric inversions, when the recon-
structed karyotype T-1586 was used as starting ma-
terial. The majority, if not all, of the aberration break-
points proved to be localized in interband regions or in
medial and terminal parts of the chromosomes, i.e., in
regions which are deficient in constitutive hetero-
chromatin. A great number of the structural mutations
produced in this study contain specific cytological
markers covering nearly all of the chromosomes of
barley karyotype. This material might be of consider-
able interest in solving various problems of barley
cytogenetics and chromosome engineering and especial-
ly in constructing a physical map of barley genome.
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Introduction

Chromosomal rearrangements are one of the most fre-
quently produced class of mutations (géne or point
mutations are the other important class of genetic
changes) that result from the action of both physical and
chemical mutagenic agents. The different aspects of
chromosome reconstruction have been thoroughly dis-
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cussed in the literature (Hagberg 1986; Schubert et al.
1991; Gupta and Gupta 1991).

The karyotype of cultivated barley (Hordeum vulgare
L.) has been subjected to extensive experimental recon-
struction. Similar to other diploid organisms (Schubert
and Rieger 1990), barley does not tolerate the loss of
large cytologically visible chromosome segments. Thus,
reciprocal translocations and paracentric inversions
have proved to be the most common of the surviving
induced chromosomal rearrangements in this species
(Hagberg 1986; Kiinzel et al. 1984; Nilan et al. 1968;
Ekberg 1974). As a result of extensive studies along these
lines a large number of chromosomal structural muta-
tions (mainly reciprocal translocations) have been
identified. However, only a small portion of the rearran-
gements produced so far have been precisely analysed
with respect to the location of the intra- or interchange
breakpoints along the chromosomes (Linde-Laursen
and Olsen 1976; Finch and Bennett 1982; Georgiev et al.
1985; Konishi and Linde-Laursen 1987; Linde-Laursen
1988; Gecheff 1989). This hampers the efficient use of
most of the structural rearrangements in barley
cytogenetics and chromosome engineering,.

For a long time our work has been aimed at the
induction and selection of new structural chromosome
mutations in barley that contain specific cytological
markers for different chromosomes and chromosome
arms. This paper details data concerning the cytological
localization of the breakpoints of a portion of the chro-
mosomal rearrangements produced so far.

Materials and methods

Dry seeds of both standard two-rowed spring barley variety ‘Freya’
and translocation line T-1586 (originating from the same variety),
which have cytologically easily interdistinguishable chromosomes
(Gecheft 1978), were irradiated with gamma-rays (doses between 100
and 200 Gy) in order to produce chromosome structural mutations.

Since the main interest of our work were the rearrangements that
resulted in a marked alteration of the morphology of the chromo-
somes, the first very important step in the isolation of the structural
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mutants was the metaphase analysis of the Feulgen-stained root-tip
metaphase chromosomes of M1 plants that showed well-expressed
partial sterility. For this purpose, the examination of Feulgen
squashes of the root tips of about 4-5 seeds of such M1 plants proved
to be quite adequate. About 30 seeds of each M1 plant showing
karyotype reconstructions of interest were grown in a glasshouse or in
the field and the plant allowed to self-fertilize; homozygous structural
mutations were then isolated among the fertile M2 plants.

The location of intra- and interchange breakpoints along the
chromosomes was established using both arm ratio measurements of
Feulgen-stained reconstructed chromosomes and their Giemsa band-
ing patterns (up to ten samples of each chromosome type, the number
being dependent on the position of the breakpoints). Further, the
newly produced structural mutants were test-crossed onto the re-
spective original lines (‘Freya’ or T-1586) or, when necessary, onto the
suitable tester set of translocations, and the meiotic metaphase I of F,
plants was examined to specify the reconstruction of the karyotype as
a whole.

All data concerning both conventional and Giemsa banding
cytological techniques have been given in previous paper (Gecheff
1978, 1989).

Results

Figure 1 shows a schematic representation of the chro-
mosomal localization of the breakpoints of gamma-
induced pericentric inversions and reciprocal transloca-
tions in standard variety ‘Freya’. It was observed that
only about 11% of the partially sterile M1 plants of this
variety showed some alterations in the morphology of
their root-tip metaphase chromosomes. Obviously, par-
tial sterility observed in the first generation may be due

Fig. 1 Schematic representation of the breakpoint distribution along
the chromosomes of 30 reciprocal translocations (the straight lines
connecting the arms of different chromosomes) and three pericentric
inversions (the parabolic lines connecting the two arms of one and the
same chromosome) in standard variety ‘Freya’. The hatched areas of
the chromosomes show the size and the position of heterochromatic
regions, as revealed by Giemsa N-banding

to reasons other than the induction of heterozygous
chromosome mutations (cf. Kiinzel et al. 1984). The low
selective capacity of the karyogramme analysis applied
in this case might also be due to the fact that a great
portion of the induced translocations have resulted in
the exchange of approximately equal chromosome seg-
ments. This type of interchange can be easily identified
using a traditional approach (Hagberg 1960). However,
since this study was aimed at the production of struc-
tural mutants containing specific cytological markers in
different chromosomes, the technique used here proved
to be the most suitable for the purposes of the investiga-
tion.

The identification of induced chromosomal rear-
rangements was significantly facilitated when the
cytologically marked karyotype T-1586 (Fig. 2), which
contains a single reciprocal translocation between chro-
mosomes 3 and 4 (marked as T-8 in Fig. 1), was used as
starting material. As a result of this translocation all
chromosome pairs of the karyotype became easily inter-
distinguishable, and the resolution power of the karyo-
gramme analysis was improved. This was an important
step in the development of efficient techniques for detec-
tion of chromosome rearrangements, especially pericen-
tric inversions. More than 26% of the total number of
partially sterile M1 plants contained some kind of
karyotype reconstruction. What is interesting in this
investigation is that at least one-fifth of the induced
chromosomal rearrangements in T-1586 were found to
be pericentric inversions.

As expected, the reciprocal translocations and
pericentric inversions proved to be the main types of

Fig.2 Schematic representation of chromosomal localization of the
breakpoints of 22 reciprocal translocations and six pericentric inver-
sions in reconstructed karyotype T-1586. More detailed explanations
are given in the legend of Fig. 1




gamma-induced structural mutations in both ‘Freya’
and T-1586. The localization of the breakpoints of these
rearrangements along the chromosomes (Fig. 1 and 2)
was done using analysis based upon Giemsa N-banding
patterns in combination with arm length measurements
of the reconstructed chromosomes. An indispensable
prerequisite for this analysis is, however, a good know-
ledge of the Giemsa N-banding patterns of the chromo-
somes of standard variety ‘Freya’. N-banded chromo-
somes of this variety and an idiogram of the karyotype
showing the relative size and position of the bands are
given in Fig. 3. All of the bands presented in the idio-
gram, with the exception of the faint bands located
distally in the short arm of chromosome 1 and the long
arm of chromosome 7, showed a very high appearance
frequency (more than 80%). The appearance of NOR-
associated heterochromatic segments in chromosomes 6
and 7 was rather variable however (see Georgiev et al.
1985), and these are not given in the idiogram.

The comparative analysis of good metaphase spreads
stained with acetocarmin and subsequently N-banded
(Fig. 4) allowed precise localization of the position of the
centromeres and direct identification of the chromo-
somes that were involved in definite rearrangements.
Further detailed analysis of enlarged microphotographs
of Giemsa-banded reconstructed chromosomes enabled
the precise localization of translocation and inversion
breakpoints. This analysis was especially efficient when
chromosome reconstruction resulted in the transfer of
particular bands (Fig. 5, A-E, G, I). Since the hetero-
chromatic segments in barley chromosomes are mainly
concentrated proximal to the centromere (Fig. 3), the
sites of the breakpoints in this case were found to be
confined within a very small interband region. However,
a precise identification of the position of rearrangement
breakpoints was possible even if no transfer of bands
took place, provided the reconstruction markedly af-
fected the morphology of the chromosomes (Fig. 5, F, H,
J). The putative site of breakpoints in this case could not
exceed the size of the chromosome segment standing
terminally to the most distal Giemsa band in the
shortened arm.

As the structural mutations produced in this study
were mostly of an unequal (or asymmetric, as termed by
Linde-Laursen 1988) type, i.e., chromosome segments of
different sizes were exchanged, they could be very well
characterized with respect to their localization along the
chromosomes. The most remarkable result concerning
the chromosome distribution of these mutations, which
can be seen in Figs. 1 and 2, was that the majority, if not

Fig. 3 Idiogram of Giemsa N- ﬂ
banded chromosomes of stan-
dard variety ‘Freya’. Bar: 10 pm
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Fig. 4a,b Somatic metaphase chromosomes of T-2 stained first with
acetocarmin (a) and subsequently by Giemsa banding (b). Bar: 10 um

all, of the breakpoints of both reciprocal translocations
and pericentric inversions were localized in interband
regions. T-8 (Fig. 1) seems to be the only indication in
this study that the breakpoints might also be located
within heterochromatic regions, since an additional
faint band was very often observed in the short arm of
reconstructed chromosome 3* (Fig. 5, B).

All of the F, hybrids between the newly produced
translocations and original lines (‘Freya’ or T-1586,
respectively) showed in metaphase I of meiosis 1 a
quadrivalent and five bivalents, and in analogous cross-
es of the pericentric inversions a normal meiotic con-
figuration was observed. These data indicate that the
newly produced structural mutants contained only rear-
rangements that have been identified by root-tip analy-
sis. The conclusions concerning chromosome involve-
ment in translocations drawn by Giemsa banding were
also confirmed by translocation tester set analysis.
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Fig. 5 Distribution patterns of Giemsa bands in reconstructed chro-
mosomes of: A T-2, BT-8, CT-12, D T-13, E1-42, F T-21, G T-45, H
T-68, I T-69 and J 1-19. Compare the schematic representations of B,
H,IandFig. 1, and A4, C, D, E and Fig. 2. Bar: 10 um

Discussion

The main result of this study is that a number of gamma-
induced homozygous reciprocal translocations and
pericentric inversions could be isolated and analyzed
with respect to their chromosome location.

The Giemsa banding technique in combination with
karyogramme analysis offers essential gain in resolution
power and time-saving over other procedures used so
far in the identification of chromosomes involved in
rearrangements and location of the breakpoints of
structural mutations (Burnham 1962; Kasha and Burn-
ham 1965; Hagberg and Hagberg 1968; Hagberg 1986)
although not all genetic changes of this type are amen-
able to detection by this approach. This method, which
has been used by other authors (Finch and Bennett 1982;
Georgiev et al. 1985; Linde-Laursen 1988), allowed a
rather precise chromosome mapping of the induced
structural mutations. An essential step in improving the
resolution power of this analysis was the use of cytologi-
cally marked karyotype T-1586 as starting material for
mutation induction, and this was especially in iden-
tifying pericentric inversions. Since the procedures
usually used for the isolation of reciprocal transloca-
tions are completely inadequate for the detection of
inversions and since barley proves to be unsuitable for
pachytene analysis, the development of effective tech-
niques for selection and identification of this type of
structural mutations seems to be very important. All of
the rearrangements induced in translocation stock T-
1586 resulted in the production of double structural
mutants, but each of them, except for those involving
chromosomes 3 and 4, could be easily recovered as
single one in the M2-segregating progeny of crosses
between newly produced mutants and standard variety
‘Freya’.

As far as the problem of distribution of the hetero-
chromatic segments (as revealed by Giemsa banding)
along barley chromosomes is concerned, it should be
pointed out that although the banding pattern observed
in this study has much in common with those estab-
lished by other authors (Singh and Tsuchiya 1982;
Fukui and Kakeda 1990), there are also some differen-
ces. As is well known, there are large differences among
various barley lines with respect to the size of particular
bands and the number and position of bands on the same
chromosome (intervarietal polymorphism) (Kakeda
et al. 1991). Moreover, the pattern of Giemsa banding
seems to depend on the technical procedure used (Singh
and Tsuchyia 1982).

Although the amount of data obtained in this study is
not enough to draw a general conclusion about the
distribution pattern of gamma-induced structural muta-
tions, surprisingly, a number of breakpoints proved to
be localized in medial and terminal parts of the chromo-
somes, i.e., in regions which are deficient in constitutive
heterochromatin. Besides, as mentioned, nearly all of the
breakpoints proved to be localized in interband regions
of the chromosomes, just as was established earlier by
Linde-Laursen (1988) for a number of barley transloca-
tions. The method used in this study do not have a
power of resolution sufficient for identification of ex-
changes between heterochromatic regions themselves,
but the data show that the subdivision of Giemsa bands
by gamma-irradiation is probably a very rare event.
Thus, the results seem to be in a good agreement with
the “winding up-concept” of Kaina (1979) in accounting
for the transformation of primary DNA lesions into
rearrangements at the chromosome level. According to
this hypothesis, aberrations are expected to be located
exclusively in actively transcribing euchromatic chro-
mosome regions (corresponding to the interband re-
gions in Figs. 1 and 2), while aberrations in constitutive
heterochromatin {Giemsa bands) should be rare or ab-
sent. The data concerning preferential involvement in
structural rearrangements of heterochromatin-contain-
ing chromo some segments (Rieger et al. 1977) do not
contradict the hypothesis mentioned above since it has
been established that the most sensitive sites of aberra-
tion induction appear to be the frontiers between
hetero- and euchromatin, but not be heterochromatic
regions themselves (Seabright 1973; Dé&bel et al. 1978).

Up to now, the structural chromosome mutations
reported in this paper have been extensively used in
creating multireconstructed karyotypes with cytologi-
cally marked chromosome complements. These karyo-
types have enabled a successful investigation of the
regional specificity of the mutagens and the effects of
segment transposition on the involvement of different
chromosome segments in induced structural mutations
(Gecheff 1989, 1992).

Among the different possibilities of application of the
structural mutations, their use in constructing a physical
map of the genome is of great importance. Recently, a
new approach has been devised for physical localization



of genetically mapped restriction fragment length poly-
morphism clones to barley chromosomes using mor-
phologically distinct translocation chromosomes
(Sorokin et al. 1994). This work provides a number of
stocks containing precisely localized cytological
markers for different chromosomes which could be suc-
cessfully used in the construction of a physical map of
the barley genome.
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