






INTRODUCTION

Automated chromosome analyses have been
initially implemented in order to improve the ac-
curacy and speed of karyotyping in mammalian
cells (CASTELMAN and MELNYK 1976). The con-
comitant development of microelectronics and
relevant software enabled the design of a com-
puter-based chromosome image analyses system
(CHIAS). In plants this approach was initially
utilized for scanning of rye metaphase chromo-
somes (FUKUI 1986). Barley chromosomal com-
plement was used to reveal the applicability of
CHIAS for standardization of karyotyping and
for screening of in situ hybridization (FUKUI

1988). The utility of chromosome imaging tech-
nique in cultured cells and plants treated with
radiation or chemical mutagens was envisaged.

CHIAS was proposed as a tool for investiga-
tion of the density characteristics of individual
plant chromosomes (FUKUI and MUKAI 1988;
NAKAYAMA and FUKUI 1997; KATO and FUKUI

1998).
Condensation pattern of chromosomes was

also found to be an essential factor for intra-
chromosomal distribution of chromosomal al-
terations in mammalian genome. It was shown
that condensed chromatin appears to be more
resistant to radiation-induced damage than un-
condensed one in CHO cells (SLIJEPCEVICH and
NATARAJAN 1994). Clear indication was provid-
ed that chromosomes with high gene density are
preferentially repaired in human cells (SUR-
RALLES et al. 1997). At present the link between
chromatin structure, DNA repair and chromo-
some fragility is widely accepted (SURRALLES et
al. 1998).

Position of the Giemsa bands is thought to
be informative for the intrachromosomal distri-
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Abstract -The chromosome complement of reconstructed barley karyotype PK
88 was analyzed by computer-aided Chromosome Image Analysis System
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also found that CHIAS-visualized condensation profiles can be utilized as a reli-
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Abstract

Barley nucleolus organizing regions (NORs) were previously found to behave as prominent aberration hot-spots after
treatment with some restriction endonucleases. The ability of MspI for directed induction of double-strand breaks in barley
ribosomal DNA was further analyzed. Ionizing radiation-produced strand breakage within the ribosomal gene clusters was
also a subject of investigation. Reconstructed barley karyotypes T1586 and T35 with normal and increased expression of rRNA
genes were utilized to evaluate the relationship between transcriptional activity and damage induction. Scanning densitometry
of the hybridization profiles revealed that MspI is generating double-strand breaks in barley rDNA with efficiency being
independent from the NOR activity. Damage induction observed after treatment with�-rays was also not influenced by the
transcriptional status of the ribosomal genes. A tendency towards restoration of rDNA integrity after irradiation of both
germinating and dry seeds was observed which is indicative for the efficient recovery of double-strand breaks in barley
ribosomal DNA.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Maintenance of DNA integrity by the natural repair
activities in cells exposed to various damaging agents
is an essential function of living organisms preserving
the genuine status of their heredity. The biological con-
sequences of non-repaired (or miss-repaired) damage
are thought to be dependent on the type and frequency
of the lesions induced as well as on the functional char-
acteristics and location of the target DNA. There are
many data showing that certain types of damage are
more effectively removed from transcriptionally ac-
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tive genes than from a silent regions indicating for the
existence of intragenomic repair heterogeneity[1–3].
It is now widely acknowledged that transcriptional
activity and higher-order chromatin organization are
the main factors influencing the repair efficiency
within a particular genetic loci or chromatin domains
[4,5].

The first decisive evidence for the existence of gene-
specific repair was the removal of cyclobutane pyrim-
idine dimers (CPDs) from the dihydrofolate reductase
(DHFR) gene observed after UV-irradiation of Chi-
nese hamster ovary cells (CHO)[6,7]. Subsequently
the repair of transcriptionally active genes was re-
ferred to the recovery of CPD in the transcribed DNA
strand by a process termed “transcription-coupled
repair” (TCR)[8].

1568-7864/$ – see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/S1568-7864(03)00095-8





RADIOBIOLOGY 107

CHROMOSOMAL ABERRATIONS, SISTER CHROMATID EXCHANGES
AND SURVIVAL IN HOMOLOGOUS RECOMBINATION REPAIR

DEFICIENT CL-V4B CELLS (Rad51C MUTANTS)
EXPOSED TO MITOMYCIN C

Andrzej Wójcik1,2/, Lubomir Stoilov3/, Irena Szumiel1/, Randy Legerski4/, Günter Obe5/

1/ Institute of Nuclear Chemistry and Technology, Warszawa, Poland
2/ Institute of Biology, Świętokrzyska Academy, Kielce, Poland

3/ Department of Molecular Genetics, Institute of Genetics, Sofia, Bulgaria
4/ Department of Molecular Genetics, The University of Texas M.D. Anderson Cancer Center,

Houston, USA
5/ Institute of Genetics, University of Duisburg-Essen, Essen, Germany

DNA interstrand crosslinks (ICL) pose a major
problem for the cell during replication and tran-
scription. The mechanisms of repair of ICL in mam-
malian cells are presently a topic of intense research.

The major pathway of ICL repair appears to be
homologous recombination repair (HRR) involv-
ing generation of a double strand break at the ICL
and a subsequent recombination event with a ho-
mologous strand [1,2]. Recent data indicate that
recombination independent pathways also exist [3].

Crosslinking agents such as mitomycin C (MMC)
are extremely potent inducers of sister chromatid
exchanges (SCE). It was estimated that they triple
the SCE frequency with one thousandth the con-
centration required for inducing the same effect
with monofunctional alkylating agents. This clearly
points towards the ICL as the major lesion respon-
sible for SCE.

Cells deficient in HRR are very sensitive to
crosslinking agents (reviewed in [2]). It has been
reported that MMC-induced SCE in the chicken
B lymphocyte line DT40, mutated to obtain cells
deficient in various genes involved in HRR, is lower
than in the wild type (wt) line [4]. In the CL-V4B
cells, which contain a mutated Rad51C paralog,
no MMC-induced SCE can be observed in M1 [5].
These findings suggest that SCE are mediated by
HRR [4].

Rad51C mutated CL-V4B cells [5] and wt cells
V79B were exposed to different doses of MMC.
The analysed endpoints included chromosomal
aberrations, clonogenic cell survival and SCE.

MMC-induced SCE were analysed in the first (M1)
and second (M2) post-treatment mitoses.

The analysis of chromosomal aberrations and
survival confirmed that CL-V4B cells are very sen-
sitive to MMC due to induction of ICL (Table).

We show (Figs.1-3) that in liver cells, not only
aconitase activity is inhibited, but also the level of
IRP1 protein is markedly lowered. IRP1 down-re-
gulation in SOD–/– mice points to the existence of a
new control mechanism that maintains a correct bal-
ance between iron and oxygen-derived free radicals.
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Fig.1. Clonogenic survival of CL-V4B and V79B cells fol-
lowing treatment with MMC. Error bars represent
standard deviations from mean values of three inde-
pendent experiments.

Table. Chromosomal aberrations (per 100 cells) and percent aberrant cells in CL-V4B and V79B cells exposed to MMC.
Results are the means and standard deviations of data from 3 independent experiments.

* difference significant at p<0.05.
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The survival of CL-V4B cells treated with MMC
was lower than that of wt cells (Fig.1) but distinctly
higher than reported by Godthelp et al. [5], possi-
bly due to different culture conditions. The mutant
cells showed the same frequencies of MMC-in-
duced SCE as the wt cells (Fig.2). So, mutation in

Rad51C did not affect SCE formation after MMC
treatment. Additionally, while the wt cells showed
the same frequency of MMC-induced SCE in M1
and M2, in CL-V4B cells somewhat more SCE
were observed in M2 than M1 (Fig.2). This suggests
that in Rad51C mutants ICL induced by MMC are
either not removed completely or are transformed
into another form of damage, which persists until
the next cell cycle. Hence, SCEs may represent a
mechanism to bypass MMC-induced ICL without
their removal.
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Fig.2. SCEs in first and second mitoses (M1 and M2) fol-
lowing treatment with MMC. Twenty cells were
scored per point in each experiment. Error bars rep-
resent standard deviations from mean values of three
independent experiments. * – difference significant
at p<0.05 (two-sided, unpaired Student’s t-test).
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The mechanisms of sister chromatid exchanges
(SCEs) are not known. Cytologically, it is evident
that SCE involves a recombination mechanism
between sister chromatids. Available data indicate
that SCEs arise during S-phase, and it was suggested
that the SCE-initiating event is a hindrance of DNA
replication by DNA damage [1,2]. A lesion that
poses a major problem for the cell during replica-
tion is the DNA interstrand crosslink (ICL). One
hypothesis is that SCE is a manifestation of Rad51-
-dependent homologous recombination repair. In
order to test this hypothesis, we have compared
the frequencies of SCEs induced by mitomycin C
(MMC) and 254 nm ultraviolet radiation (UVC)
in wild type (wt) V79B and the Rad51C-deficient
CL-V4B cells.

In the present study, CL-V4B (mutated in
Rad51C) and V79B cells were prelabelled with
BrdU for one cell cycle and treated with different
doses of MMC. In addition to MMC, we compared
the SCE frequencies following exposure of both
cell lines to 254 nm UVC. Along with pre-labelling
cells with BrdU, the cells were prelabelled with

biotin-16-2´-deoxyuridine-5´-triphosphate (bio-
tin-dUTP) in order to exclude the impact of BrdU
on the formation of DNA lesions by UVC [3].

SCEs were analysed in the first (M1) and second
(M2) post-treatment mitoses. As shown in Fig.1,
in M1 MMC induced the same frequencies of SCEs
in CL-V4B and V79B cells, while the UVC-in-
duced SCE frequencies were lower in CL-V4B than
V79B cells. Following exposure to UVC, less SCEs
were observed in CL-V4B than in V79B cells, ir-
respective of whether cells were prelabelled with
BrdU or biotin-dUTP. We have shown recently
that the strong sensitizing effect of BrdU towards
UVC-induced SCEs may be due to ICL formation
[3]. ICLs presumably arise as a result of the for-
mation of bromine atoms and uracilyl radicals in
BrdU-prelabelled cells following exposure to UVC.
Biotin-dUTP lacks a halogen atom which dissoci-
ates upon exposure to UVC. Therefore, it can be
assumed that SCEs that arise after exposure to UVC
of cells prelabelled with this thymidine analogue
are formed by cyclobutane pyrimidine dimers and
(6-4) photoproducts. These lesions are efficiently
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Abstract

The mechanisms of sister chromatid exchanges (SCEs) are not known. One hypothesis is that SCE is a manifestation of Rad51-
dependent homologous recombination repair. In order to test this hypothesis, we have compared the frequencies of SCEs induced by
mitomycin C (MMC) and 254 nm ultraviolet radiation (UVC) in wt V79B and the Rad51C-deficient CL-V4B cells. SCEs were ana-
lysed in the first (M1) and second (M2) post-treatment mitoses. In M1 MMC induced the same frequencies of SCEs in CL-V4B and
V79B cells, while the UVC-induced SCE frequencies were lower in CL-V4B than V79B cells. In CL-V4B cells, MMC-induced SCEs
were higher in M2 than in M1, suggesting that interstrand cross-links (ICL) are either not removed completely or are transformed
into another form of DNA damage that persists until the next cell cycle. We suggest that SCEs may represent a mechanism to bypass
MMC-induced ICL without their removal.
� 2004 Elsevier Inc. All rights reserved.
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Sister chromatid exchanges (SCEs) are induced by a
variety of mutagenic compounds [1]. The molecular
mechanisms of SCE formation are not known, although
a number of mechanistic models have been proposed [2–
9]. It appears that SCE induction is not influenced by a
defect in mismatch repair [10] and that SCEs occur pre-
dominantly within damaged, transcriptionally active re-
gions of the genome [11].

Cytologically, it is evident that SCE involves a recom-
bination mechanism between sister chromatids. Avail-
able data indicate that SCEs arise during S-phase
[12,13], and it was suggested that the SCE-initiating
event is a hindrance of DNA replication by DNA dam-

age [4,5]. A lesion that poses a major problem for the
cell during replication is the DNA interstrand cross-link
(ICL). The main pathway of ICL repair appears to be
homologous recombination repair (HRR) involving
the generation of a double-strand break at the ICL
and a subsequent recombination event with a homolo-
gous strand [14,15]. A key protein in this process is
Rad51 [16], although recombination-independent path-
ways also exist [17].

The data on the involvement of Rad51 in SCE forma-
tion are somewhat inconsistent [18]. For example, chick-
en DT40 cells with knocked-out Rad51 paralogs express
lower spontaneous and MMC-induced SCE frequencies
[19,20]. It was recently suggested that this reduction is
due to the elimination of highly damaged cells [21].
No MMC-induced SCEs at all were observed in CL-
V4B cells, which have a mutated Rad51C paralog [22].
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Abstract

Ribosomal RNA gene expression in barley lines with modulated activity
of nucleolus organizers (NORs) caused by three different types of chromosomal
rearrangements was studied. The lack of the whole rRNA gene cluster residing
in chromosome 6H of the homozygous deletion line T-35 led to a compensatory
effect in the expression of the single NOR remained on chromosome 5H, result-
ing in increased rRNA transcription. The enhanced rRNA gene transcription
in this line was accompanied by an increased rate of transcript elongation. The
repositioning by translocation of NOR of chromosome 5H to the long non-
satellite arm of chromosome 6H did not cause any alterations in the “run-on”
transcription, as indicated by the activity of RNA polymerase I, and in the sus-
ceptibility of rDNA chromatin to DNase I digestion, thus suggesting that the
chromosome reconstruction did not affect the number of active rRNA genes in-
volved in transcription. No alterations were also observed in segment tetraploid
D-2946, which contained a duplication of medial region of satellite arm of chro-
mosome 6H.

Key words: RNA polymerase I, DNase I sensitivity, ribosomal RNA
genes, interspecies nucleolar dominance, barley

Introduction. In eukaryotes ribosomal RNA (rRNA) genes are organized in
tandemly repeated units consisting of 18S, 5.8S and 26S coding region separated
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Assessment of DNA Strand Breaks Induced by
Bleomycin in Barley by the Comet Assay

Mariyana Georgieva and Lubomir Stoilov*
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Comet assay was applied to study induction and
repair of DNA damage produced by bleomycin
in barley genome. Experimental conditions were
adapted to achieve efficient detection of both
DNA single- and double-strand breaks. Substan-
tial increase of the parameter ‘‘% of DNA in tail’’
was observed coupled with almost linear de-
pendence from bleomycin concentration, more

pronounced for the induction of DNA double-
strand breaks. Data obtained at different recov-
ery periods displayed rapid restoration of break-
age, revealing that efficient mechanisms for
repair of strand discontinuities induced by bleo-
mycin are functional in barley DNA loop
domains. Environ. Mol. Mutagen. 49:000–000,
2008. VVC 2008 Wiley-Liss, Inc.
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INTRODUCTION

Comet assay is a fast, reliable, and sensitive method

for detection of single- and double-strand DNA breaks

(SSB and DSB) in individual eukaryotic cells [Östling

and Johanson, 1984; Singh et al., 1988; McKelvey-Martin

et al., 1993; Fairbairn et al., 1995; Koppen and

Verschaeve, 1996; Collins, 2004]. Although initially

designed for animal cells, it was successfully applied also

to isolated nuclei from different plant sources for analyses

ranging from environmental monitoring of DNA damage

to programmed cell death [Olive and Banath, 1995; Les-

niewska et al., 2000].

DNA DSB exhibit substantial influence on genome sta-

bility, cell-cycle progression, and development. Such

‘‘detrimental DNA lesions’’ [Dip and Naegeli, 2005] can

be generated directly or indirectly by ionizing radiation

(IR), ultra violet light, chemotherapeutic or radiomimetic

agents, and soil pollutants or endogenously by free radi-

cals, recombination and replication errors, transposition,

transduction, transformation and conjugation in bacteria,

mating-type switching in yeast, V(D)J recombination in

vertebrate, and various endonucleases [Pastink et al.,

2001; Jackson, 2002; Migliore and Coppede, 2002;

Willers et al., 2004; Karagiannis and El-Osta, 2004].

Incorrect DSB repair can lead to accumulation of muta-

tions, chromosomal rearrangements, and aneuploid daugh-

ter cells or cell death due to replication errors [West

et al., 2004].

Initial applications of the comet assay in plants were

directed toward the impact of IR on seed disinfection and

preservation from diseases and pathogens [Cerda et al.,

1993, 1997; Koppen and Cerda, 1997]. Studies on DSB

induction usually display relatively low sensitivity of the

assay under neutral conditions (neutral lyses/neutral elec-

trophoresis, N/N protocol). Koppen and Angelis [1998]

found an increase of about 3% in DNA migration after X-

ray treatment of Vicia faba. Values of the same magni-

tude were detected when DSB generated during aging

were monitored in Nicotiana tabacum and Vicia faba
[Koppen et al., 1999]. N/N comet assay, however, proved

to be adequate for estimation of DNaseI-induced DSB in

the presence of MnCl2 [Menke et al., 2000a], although

being less sensitive than alkaline lyses/neutral gel electro-

phoresis (A/N), used to follow repair of damage induced

by N-methyl-N-nitrosourea (MNU) and UVC in barley ge-

nome [Jovtchev et al., 2001; Armalyte and Zukas, 2003].

Data obtained so far in plants by the N/N protocol display

relatively high control levels of % DNA in the tail

[Koppen and Angelis, 1998; Angelis et al., 1999; Menke
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Introduction
the comet assay is a useful and sensitive method for 
quantification of DNA damage and repair in vivo and in vitro 
in eukaryotic and some prokaryotic cells, and a tool to study 
factors affecting mutagenicity. comet assay already has been 
used as versatile and comparatively new approach in genotoxic 
research, ecotoxicology, radiation and micro beam biology, as 
well as in biomonitoring and experimental data modelling. 
initially studies with this methodology were performed in 
animal (21) and human model systems (reviewed by 26), 
but in the last decade of the 20th century the standard comet 
procedure undergoes changes leading to its use for adequate 
assessment of the damage of plant DnA. hence, research 
interests are directed towards prediction of direct or indirect 
influence by physical agents, different types of radiation, or 
genotoxic compounds such as alkylating, crosslinking, and 
oxidizing agents. (12, 20).

the correct selection of statistical models for experimental 
data analysis is a key factor in comet assay studies. the choice 

of directly observed experimental unit (8, 14) is considered 
as an essence for a successful application of statistical test 
for comet assay experimental work. the assumptions of the 
distribution of the values of this experimental unit may cause 
differences in the receipt of response and to influence the further 
conclusions. For assessment of the effect, at first was used an 
empirical method of visual scoring (10, 17) or conversion to 
pseudo-percentage score (5), followed by advanced image 
analysis systems (17). the latter enforces more detailed 
statistical analysis. An essential part of the statistical analysis 
is the application of different distributions of the experimental 
comet assay data providing a broad background for unbiased 
estimates as well as improved estimates of the mean and 
variance of exposures (7). Moreover, by definition all models 
for statistical analysis depend on the sample size. A smaller 
number of records (smaller than 50 comets per slide) in the 
analysis might lead both to a masking of the significant levels 
of the effect after treatment with different concentrations of 
agents and to a bias in outcomes regardless of the statistical 
approach. in some recent studies, the preferred number of 
comet formation exceeds 100 per slide.

in most plant studies, experimental unit is selected from 
the values of the tail moment, the tail length, the tail intensity, 
or the percentage DnA in tail. these observed parameters are 
usually presented by their mean values (16, 18, 28) or median 

ratio (13), comprising the standard deviation for the studied 
populations.

The diversity of the data in comet populations rarely fit 
normal distribution, limiting in this manner the usefulness 
of the parametric statistical tools. Among several approaches 
intended to solve this problem, the transformation of the data 
followed by modifying through function (3, 15) emerges as a 
very popular one.

CompArAtIve AnAlysIs of DAtA DIstrIbutIon pAtterns 
In plAnt Comet AssAy

M. Georgieva1, l. Stoilov1, e. Rancheva2, e. todorovska3, D. Vassilev3
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AbstrACt
Screening capabilities of the comet assay have a real potential to study the impact of radiation and different mutagenic sources 
on induction of damage in DNA in plant nuclei. Heterogeneity of DNA damage data obtained by the application of different 
agents leads to an inconsistency and variation of the experimental outcomes, obtained after assessment of the comet populations. 
Although the potential of the comet assay technology has been clearly demonstrated, many important and interesting statistical 
questions remain. In this respect, different types of data need different statistical designs and this usually makes statistical 
analysis problematic. We advocate here a greater attention to different classical statistical distributions which best fit to plant 
comet data. We also demonstrate that all distribution patterns of the % of DNA in tail can be fitted by a Johnson SB distribution.
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Abstract 

 

Single Sequence Repeat (SSR) and Amplified Fragment Length Polymorphism (AFLP) 

markers were used to survey the gamma-rays-induced genetic variation in a set of 13 

originally produced structural barley (H. vulgare L.) mutants from cv. Freya including 8 

single translocation lines, 3 double translocation lines and 2 multiple reconstructed 

karyotypes. Both marker systems contributed to the evaluation of the radiation-induced DNA 

alterations and revealed in general 0.49% polymorphisms in the studied genotypes. AFLPs 

were observed with 3 out of 10 PstI/MseI primer combinations. Transmissible microsatellite 

instability at loci with perfect (AT)n repeats located in the introns of the rubisco activase and 

waxy was documented in 3 mutant lines. The obtained results emphasized that in addition to 

the point mutations, the steadily transmitted to progeny small indels (2bp) form the major 

fractions of the gamma-induced DNA alterations in the analyzed barley mutant genotypes. 
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