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Summary. The mutagenic action of  mitomycin C (MMC) 
on the chromosomes of  two reconstructed karyotypes o f  
barley was studied. MMC-induced chromatid aberra- 
tions were found to be distributed non-randomly along 
the chromosomes. The regions situated next to the sec- 
ondary constrictions of  chromosomes 6 and 7 appeared 
to be clearly pronounced aberration "hot  spots". In these 
segments, intercalary deletions and duplication-deletions 
were the most frequently induced aberration types. The 
comparative analysis of  the frequency and localization of  
MMC-induced aberrations in the chromosomes of  the 
two karyotype variants, which differ from each other by 
the position of  the "hot  spot" segments, provided new 
evidence about the influence of  the segment transposition 
on the "hot  spot" expressivity. The most remarkable 
finding obtained in the study is that the size of  the seg- 
ment involved in both intercalary deletions and dupli- 
cation-deletions proved to be strongly affected by the 
structural peculiarity of  the reconstructed chromosome. 
The possible reasons underlying this finding are dis- 
cussed. 
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Introduction 

The specific distribution o f  chemically induced chromo- 
some rearrangements has been established for a number 
of  different organisms, including plants, animals and 
man (Kihlman 1966; Loveless 1966). More recently this 
problem has received much attention in the studies of  
Rieger and coworkers (Rieger and Michaelis 1972; 
Rieger et al. 1977; Schubert et al. 1979, 1985). The con- 
clusion to be drawn from their experiments is that, de- 

pending on the nature of  the mutagen and the structure 
of  the karyotype used, the frequency and the spectrum 
(type and localization) of  the structural mutations may 
vary in a rather large range. 

In view of  the importance of  these findings, further 
detailed investigations in other organisms are necessary 
as well. Barley (Hordeum vulgare L.), because of  its con- 
venience for cytogenetic studies, may even open new pos- 
sibilities for investigating both theoretical and applied 
aspects of  the regional specificity of  the mutagens. This 
paper deals with the mutagenic action of  mitomycin C on 
the chromosomes of  two reconstructed barley karyo- 
types which differ from each other by the chromosomal 
position of  the most pronounced "hot  spot" segments. 

Materials and methods 

Plant materials 

The materials used were germinating seeds (resting seeds were 
pre-soaked for 15 min in tap water and afterwards kept on moist 
filter paper for 18 h in petri dishes) of two reconstructed karyo- 
types - T-1586 and T-21. The structural details of these karyo- 
types are given in Fig. 1. Karyotype T-1586 was produced by 
gamma-irradiation of the standard variety Freya and involves a 
single reciprocal translocation between chromosomes 3 and 4 
(Gecheff 1978). Karyotype T-21 (Gecheff, unpublished results) 
is identical to T-1586 with respect to translocation 3-4  and 
contains an additional reciprocal translocation between chro- 
mosomes 6 and 7. 

Mutagenic treatment and cytological procedures 

For mutagenic treatment, germinating seeds were immersed in 
0.0008 % aqueous solution of MMC (Sigma) for 2 h. After treat- 
ment with the mutagen, the seeds were rinsed intensively for 
10 min and germinated on moist filter paper in petri dishes until 
fixation of the primary roots (six fixations at different times 
covering the first mitotic cycle after treatment, indicated in 
Fig. 2 as "recovery time"). Before fixation (1:3 glacial acetic acid 
and ethanol), the roots were immersed for 2 h in a solution of 
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Fig. 1 a and b. Idiograms of Giem- 
sa-banded chromosomes of bar- 
ley-reconstructed karyotypes a T- 
1586 and b T-21. Arrows indicate 
the putative translocation break 
points. Bar represents 10 pm 
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Fig. 2. The frequencies of aberrations at different recovery 
times after treatment of karyotypes T-1586 (I) and T-21 (II) with 
MMC (0.0008%, 2 h) 

0.03% colchicine saturated with ~-bromonaphtalene. After 
maceration of the roots in 4% pectinase (12 min), permanent 
Feulgen squashes were prepared. 

For differential staining of somatic metaphase chromo- 
somes, a slightly modified Giemsa-(N)-banding technique of 
Singh and Tsuchiya (1982) was used. 

All treatments were carried out in dark chamber at 24 ~ 

Scoring procedures 

Scoring of aberrations was done in the first metaphase after 
application of the mutagen. For chromosomal mapping of 

MMC-induced aberrations, the method developed by Rieger 
and Michaelis (1972) for Viciafaba was applied. The metaphase 
chromosomes, which are easily interdistinguishable in both T- 
1586 and T-21, were subdivided into 53 segments of nearly equal 
sizes (Figs. 3 and 4). The centromeres and secondary constric- 
tions were designated as individual segments. The segments were 
numbered respective to their position in the standard karyotype. 
The total number of all aberrations induced in each karyotype 
was taken as 100 and the percent involvement of the individual 
chromosome segment in isochromatid breaks, intercalary dele- 
tions, duplication-deletions and translocations was determined. 
Aberrations located in chromosome 1, which is practically meta- 
centric, were distributed equally on both arms. 

All experiments were carried out in at least three repli- 
cations. The data were analysed statistically according to the 
formula of Rieger et al. (1975). 

Resu l t s  

The frequencies of MMC-induced aberrations after 
mutagenic treatments of both T-1586 and T-21 are 
shown in Fig. 2. There is no significant difference in the 
sensitivity of the karyotype variants tested; nearly the 
same yield of aberrations is obtained at recovery time 
21 h, when the highest effects were scored. The differ- 
ences which appear at 15 h and 27 h after treatment are 
probably due to the karyotype-specific effects of MMC 
on cell cycle progression. Also, no essential differences 
were observed in respect to the types of aberrations in- 
duced; in both T-1586 and T-21 almost all structural 
mutat ions were of chromatid type (isochromatid breaks, 
intercalary deletions, duplication-deletions, chromatid 
translocations and a few chromatid breaks). 

Fig. 3 shows the non- random pattern of intrachro- 
mosomal distribution of MMC-induced aberration 
break points in karyotype T-1586. Segment 47 of chro- 
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Fig. 3. The distribution of MMC-induced chromatid aberrations (i=isochromatid breaks, d =intercalary deletions, dd =duplication- 
deletions, t=chromatid translocations) along the chromosomes of karyotype T-1586 

mosome 7 and segment 39 of chromosme 6 appear to be 
the most pronounced aberration "hot spots". This seems 
to be true for all types of aberrations but it is mostly 
expressed for duplication-deletions and especially for in- 
tercalary deletions (minutes). Moreover, the involvement 
of segment 47 in these aberration types appears to be 
higher. Thus, about 43 % of the intercalary deletions (122 
out of 284) and about 35% of the duplication-deletions 
(54 out of 153) were found to be localized at this segment. 
At the same time, the percentage involvements of seg- 
ment 39 in these aberration types are 29% and 16%, 
respectively. A characteristic feature of these aberrations 
is that in neraly all cases, very small regions situated next 
to the secondary constrictions in segments 39 and 47 are 
involved (Fig. 5 a -d) .  It should further be noted in Fig. 3 
that some other segments, namely segments 9, 10 and 12 
of chromosome 2; 26, 28, 29 and 18 of chromosome 4a; 
32 and 34 of chromosome 5; 40 and 42 of chromosome 
6, and 48 and 50 of chromosome 7 are also found to 
represent statistically significant aberration "hot spots". 
However, nearly all of  these segments which contain het- 
erochromatin as defined by the presence of Giemsa 
bands (Fig. 1 a) show a very low expressivity of their 
aberration "hot spots", i.e. their involvement in aberra- 
tions (mainly isolocus breaks and chromatid transloca- 
tions) just surpasses the upper confidence limit (1% level) 
for random distribution. 

The pattern of intrachromosomal distribution of 
MMC-induced aberrations in karyotype T-21 is present- 
ed in Fig. 4. The only reason to use T-21 in this study was 
that the standard position of the most sensitive segments 

39 and 47 is specifically changed; owing to reciprocal 
translocation between chromosomes 6 and 7, segment 39 
(together with some other segments) is transposed to the 
short arm of chromosome 7, so that in the newly recon- 
structed chromosome 76 the two segments become ar- 
ranged tandemly (Fig. 4). This position of the segments 
was established by the length measurements of the meta- 
phase chromosomes and differential staining with Giem- 
sa (Fig. 1 b). It may be seen in Fig. 4 that after treatment 
of T-21, segments 39 and 47 keep their high sensitivity to 
the mutagenic action of MMC. It becomes, also evident 
from these data that intercalary deletions and dupli- 
cation-deletions again appear to be the most frequent 
aberration types in these segments. However, while the 
relative involvement in aberrations of segment 47 re- 
mains the same in both karyotypes (about 14%-15%),  
the involvement in aberrations of segment 39 in the new 
position (karyotype T-21) is significantly increased 
(about 30% of all aberrations induced versus 10% in the 
case of T-1586). It should be noted, in addition, that the 
different reaction of segment 39 in this case is obviously 
due to the increased predilection of this region for forma- 
tion of intercalary deletions (more than three times com- 
pared to T-1586) and duplication-deletions (about four 
times). 

The most remarkable result obtained in this study is 
that the alteration of the chromosome constitution (due 
to reconstruction) may exert a clear-cut influence on the 
size of the chromosome segment which is involved in 
MMC-indueed chromatid intrachanges. In Fig. 5 are 
shown some representative types of the most frequently 
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Fig. 4. The distribution of MMC-induced chromatid aberrations (i =isochromatid breaks, d =intercalary deletions, dd = duplication- 
deletions, t = chromatid translocations) along the chromosomes of karyotype T-21 

Fig. 5 a- l .  Representative types of MMC-induced chromatid intrachanges. Aberrations induced in T-1586: a intercalary deletion and 
b duplication-deletion in segment 39, c intercalary deletion and d duplication-deletion in segment 47. Aberrations induced in T-21: 
e - i  intercalary deletions and j - I  duplication-deletions in segment 39, showing significant differences in the size of the region involved 
in the intrachanges. Bar represents 10 lam 

induced aberrat ions in both T-1586 and T-21. I t  can be 
seen that  in the case of  T-21 (unlike T-1586), the size of  
the region involved in intercalary deletions (Fig. 5 e - i )  
and duplicat ion-delet ions (Fig. 5 j - l )  belonging to seg- 
ment  39 varies in a wide range. Wha t  is remarkable  is 
that  the major i ty  of  these aberrat ions,  when induced in 

this region of  karyotype T-21, involve the whole segment 
39 or exceed its size involving a par t  of  the next segment 
47 (Fig. 5i-1).  Moreover ,  the intercalary deletions local- 
ized in segment 39 are sometimes expressed as unilateral  
(Fig. 5 g) or  bilateral  (Fig. 5 h) double  fragments, affect- 
ing both chromatids  at homologous  loci. 
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Discussion 

Summarizing the data in this study, three main conclu- 
sions can be drawn: (1) MMC-induced chromatid aber- 
rations were found to be distributed non-randomly along 
the chromosomes of barley; (2) there was clearly pro- 
nounced position effect in the expressivity of the induced 
aberration "hot spots"; (3) the size of the chromosome 
segment involved in both intercalary deletions and 
duplication-deletions proved to be strongly affected by 
the structural peculiarity of the chromosome. 

The localized chromosome breakage of MMC has 
been repeatedly investigated in V. faba (Merz 1961; Rao 
and Natarajan 1967; Utsumi 1971; Rieger et al. 1975; 
Schubert et al. 1984) and human cells (Nowell 1964; 
Cohen and Shaw 1964; Brogger and Johansen 1972; 
Morad et al. 1973). In both organisms, the distribution 
of aberration break points along the chromosomes has 
been characterized by a preferential involvement of 
heterochromatin-containing regions. In addition, the 
secondary constrictions of chromosomes have been 
found to be the most pronounced aberration "hot 
spots". 

This study is a first attempt in barley to provide more 
detailed data about the correlation of the distribution 
pattern of MMC-induced aberrations, on the one hand, 
and the chromosome location of Giemsa bands (as indic- 
ative of the presence of heterochromatin), on the other. 
In general, our results are in accordance with the conclu- 
sion of the studies mentioned above that the potential 
aberration "hot spots" are usually situated in chromo- 
some regions containing heterochromatin. This is espe- 
cially true for segments showing preferential involvement 
in isolocus breaks and chromatid translocations. Com- 
pared to the studies with some alkylating agents, how- 
ever, such as ethyleneimine (Gecheff 1978) and ethyl- 
methanesulphonate (Gecheff 1983), which were carried 
out under the same experimental conditions, the MMC 
capacity of  inducing structural rearrangements in the 
centromere regions and other chromosome segments 
known as heterochromatic proved to be considerably 
lower. Since MMC is known to act as an alkylating agent 
(Schwartz et al. 1963), such difference indicates that rea- 
sons other than the nature of the primary lesions induced 
in DNA by the mutagens are probably responsible for 
the character of the aberration distribution patterns. 

An important point to be discussed in this study is the 
behaviour of segments 39 and 47, which appeared to be 
the most pronounced aberration "hot spots" in both 
karyotypes. These segments, occupying analogous re- 
gions in the satellite arms of chromosomes 6 and 7, seem 
to be structurally identical. In these experiments, we fail 
to reveal Giemsa bands in these regions. This fact, how- 
ever, should not be accepted as evidence of the absence 
of heterochromatin, since by means of similar technique 

(Georgiev et al. 1985), clear-cut Gimesa bands were es- 
tablished in both segments. In the context of this study, 
the observations of Morad et al. (1973) and Brogger 
(1974) in human karyotype are also of interest. They 
have established a frequent induction by MMC of"later-  
al protrusion of one chromatid" or "laterally extended 
chromatin" in the secondary constrictions of chromo- 
somes 1, 9 and 16. According to the authors, the natrue 
of these structural changes is not known, but it seems 
quite probable that they might have the same origin as 
MMC-induced chromatid intrachanges in the analogous 
regions of barley chromosomes (segments 39 and 47), 
which were so frequently observed in this study. The 
phenomenon of preferential involvement of specific types 
of aberrations in particular chromosome regions, origi- 
nally established in V.faba (Rieger et al. 1977) and barley 
(Nicoloff et al. 1979) is probably indicative of the exis- 
tence of essential differences in the mechanisms of induc- 
tion of different aberration types and/or may be due to 
the structural differences between different aberration 
"hot spot" segments. 

The comparative analysis of the frequency and local- 
ization of chromosome aberrations induced by MMC in 
segments 39 and 47 of the karyotypes used provided new 
evidence about the influence of segment transposition 
and structural features of reconstructed chromosomes on 
the "hot spot" expressivity. For the present, this problem 
is mostly developed in V. faba (Rieger and Michaelis 
1972; Schubert et al. 1979). Based on the great amount of 
experimental data, a working hypothesis has been pro- 
posed (Schubert et al. 1985) that potential "hot spot" 
segment can be maximally expressed when only one oc- 
curs per chromosome, while any combination of two or 
more such segments on the same chromosome should 
result in a reduced expressivity of one of them. This study 
allows us to verify the validity of the hypothesis under 
experimental conditions which have not been tested in V. 
faba, as the two "hot spot" segments of karyotype T-21 
are situated tandemly in the satellite arm of chromosome 
76. No reduction in the expressivity of the aberration 
"hot spots" of this chromosome was observed. Instead, 
the involvement of one of them (segment 39) in inter- 
calary deletions and duplication-deletions was signifi- 
cantly increased. Whatever the causes of this specific 
behaviour of the most sensitive segments in barley, it 
becomes evident that our results do not support the 
hypothesis mentioned above. 

The last question in this discussion refers to the most 
interesting finding of the study that the specific constitu- 
tion of chromosome 7 6 in the majority of the cases result- 
ed in increasing the size of the region involved in MMC- 
induced intercalary deletions and duplication-deletions 
in segment 39. What might be the possible reasons under- 
lying this finding? The breakage-and-reunion hypothesis 
and exchange hypothesis are still the most widely accept- 
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ed mechanisms explaining the formation of chromosome 
aberrations. Although in the production of the terminal 
chromatid deletions, the breakage-and-reunion mecha- 
nism was found to prevail (Heddle and Bodycote 1970), 
it seems most unlikely that the same holds true for inter- 
calary deletions and duplication-deletions. The exchange 
hypothesis (Revell 1959), in which chromatid aberrations 
are considered to be complete or incomplete exchanges 
that occur in the neck of little loops in the chromosomes, 
seems to be the most reliable pathway leading to the 
production of these two types of aberrations. If  so, the 
size of the segment involved in chromatid intrachanges 
will depend on the size of these loops. 

As far as clearly pronounced differences in the in- 
volvement of segments in intercalary deletions and 
duplication-deletions were observed, it might further be 
assumed that the sites of loop formation are non-  
randomly distributed along the interphase chromosomes 
and are structurally determined. Based upon these as- 
sumptions, the alteration in the size of the regions in- 
volved in MMC-induced intercalary deletions and 
duplication-deletions in segment 39 may be explained 
with the rearrangement during chromosome recon- 
struction of the sites in which the formation of loops may 
occur. This explanation seems rather probable also in the 
view of our preliminary data with other mutagens (ex- 
periments in progress) showing that this reaction of seg- 
ment 39 is independent of the nature of the mutagens 
used. 
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