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rEHETHKA.IlP06~EMhlME~HnHHCKOHrEHETHKH 

GENETICS. PROBLEMS OF MEDICAL GENETICS 





A TEST OF KIMURA'S MUTATION-RATE CONJECTURE• 

JOHN W. DRAKE 
Laboratory of Molecular Genetics, National Institute of 
Environmental Health Sciences, Research Triangle Park, 
North Carolina 27709-2233 USA drake@niehs.nih.gov 

Abstract- Mutation is the first of the four great engines of evolution and the prime 
source of heritable variation in all living and semi-living organisms and their molecular 
parasites. As a result, the processes and products of mutation have been deeply explored 
at both the phenomenological and the mechanistic levels for more than a century. There 
has been notable progress at both levels over the last half century, with the result that 
the phylogeny of mutation has become fairly well codified, especially the rates and 
kinds of mutation in as diverse organisms as could be probed. These explorations began 
to coalesce in the 1990s and soon comprised a small Rumber of broad generalizations. 
These include very high genomic mutation rates in riboviruses and some higher 
eukaryotes, and strikingly similar genomic mutation rates in most DNA microbes. 
However, highly informative exceptions have recently been observed. 

Keywords: mutation, mutation rate, ribovirus, thermophile 

1. Introduction 

My scientific hobby for the last forty years has been the exploration of the 
phylogeny of mutation, specifically the rates of mutation in as many organisms as could 
be probed and the kinds of mutations that result. These explorations began to coalesce 
in the 1990s and soon comprised some broad generalizations. More recently, I and 
several colleagues sought exceptions to these generalizations in order to test particular 
hypotheses, with sometimes surprising results. 

At the beginning, it is important to stress that mutation has long been accepted to be 
a highly evolved process shaped by natural selection (Fishier, 1930; Sturtevant, 1937; 
Kimura, 1967). For instance, most mutations are deleterious and thus reduce the 
average fitness of progeny, providing a basis for adaptive evolution based on mutation 
down-modifiers. As such, the mutational target of an organism is its whole genome, or 
at least that fraction which is subject to purifying or adaptive selection. Thus, the most 
interesting parameter is usually the genomic mutation rate µg, although it is sometimes 

• Radiobiology and Environmental Security I Eds. C.Mothersill, V.Korogodina, C.Seymour. Springer, 2012. P.13-19 
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subdivided in various ways. However, the only part of the genomic mutation rate that is 
subject to selection is that fraction that can generate deleterious or adaptive mutations, 
so that spacer DNA that shows no traces of purifying selection is of a very limited 
significance in this respect; accordingly, I will sometimes refer to the fraction of the 
genome in which new mutations are subject to selection as the effective genome and the 
corresponding genomic mutations rate as µeg· This is close to the total genome in most 
microbes but may be a small fraction of the genome in higher eukaryotes. 

Mutation rates are mot often measured starting with a specific mutation-reporter 
locus. The mutation frequency f is determine by counting mutants among total 
organisms screened. The frequency is then converted into a rate µ using equations that 
reflect the mode of chromosome replication, for instance, iterative copying (the 
stamping-machine model) or exponential replication. Although complex equations are 
sometimes required, there exist very simple equations that suffice for many situations. 
Thus, for riboviruses, which replicate by a stamping-machine mechanism, µ = fl2c 
where c is the number of sequential infection cycles that generated the test population 
(Drake & Holland, 1999). For geometrically replicating organisms (such as numerous 
microbes), provided that the population is initiated with a number of organisms small 
enough to contain no mutants and then grows until it has experienced many (more than 
30) mutations,µ= jlln(Nµ) where N is the final population size (Drake, 1991; Rosche & 
Foster, 2000); the median rate from five or more cultures is the best measure. 

The rate per locus is then converted into a rate per average base pair, which is 
finally converted into a genomic rate. It is important that the mutation-reporter locus be 
free of selective forces and certain other behaviors that bias mutation frequencies, and 
that it be large enough to mirror the genome as a whole. The main difficulty with 
mutation-reporters, which are usually protein-encoding sequences, is that they report 
base-pair substitutions (BPSs) inefficiently because most BPSs do not produce a mutant 
phenotype. Because of the efficiency and low cost of DNA sequencing, this constraint 
can now sometimes be overcome by calculating BPS rates using only BPSs that create 
chain-terminating mutations, which are expected to be scored efficiently. 

Other modes of measuring mutation are sometimes used. One involves massive 
genomic sequencing. This has the advantage of scoring mutations without regard to 
their phenotypes but may have the disadvantages of young technologies. 

2. Mutation Rates Codified 

Table I presents an overview of rates of spontaneous mutation across major groups 
of organisms. They fall into three categories. 

Riboviruses and retroelements (including retroviruses and retrotransposons) have 
the highest rates per genome replication, and when these are presented per "generation" 
(two replications for riboviruses, three for retrotransposons, the rates are close to the 
maximum that can be tolerated without extinguishing the population (variously called 
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"error catastrophe" or "mutational meltdown"). Most of the published values are based 
on very short reporter sequences and thus provide uncertain values when extrapolated to 
the whole genome, which may account for the wide range of values. 

Table I. Rates of mutation in diverse categories of organisms 

Group 

Riboviruses 

Retroelements 

Most DNA microbes 

Some animals 

µ • .ir per genome 

replication 

0.1-1 

0.03--0.43 

0.003--0.005 

0.004--0.014 

µ • .ir per "generation" 

0.2-2 

0.08-1.3 

(same) 

0.04-1.6 

Ribovirus rates are from Drake & Holland (1999) and Malpica et al. (2002). Retrovirus rates are from Drake 
et al. (1998). DNA-microbe rates are from Drake (2009). Animal rates are from Drake et al. (1998). 

Most DNA-based microbes have rates far lower than do the RNA-based microbes, 
in the neighborhood of 0.004 per genome replication. For the DNA-based microbes, a 
genome replication usually occurs once per cell division. 

Several animals (Caenorhabditis elegans, Drosophila melanogaster, Mus musculus, 
Homo sapiens) also have rates (per effective haploid genome) in the neighborhood of 
0.004 per genome replication in the germline, but animals often experience large 
numbers of germline replications per sexual generation (mostly in the male) and 
therefore have very high rates per effective genome per sexual generation. As a result, 
therefore, animals to some extent resemble the RNA world. The highest rate, 1.6 
mutations per haploid genome per generation, belongs to humans, and suggests that any 
long-extended increase in this rate might extinguish the species. 

All but one of the mutation rates considered thus far were determined using strains 
well adapted to the laboratory growing under generally benign conditions and should be 
viewed as basal mutation rates. For most of these organisms, the basal rates are so large 
that even small increases could be disastrous. However, because of their much lower 
basal mutation rates, the DNA microbes can tolerate sharply increased rates, at least for 
a while. However, under diverse stresses, bacterial mutation rates often increase 
transiently, or at least for as long as the stress persists [e.g., Petrosino et al. (2009), 
Gibson et al. (201 O)]. More generally, a considerable fraction of mutation spectra from 
all categories of life contain one or more mutants bearing two or more mutations, where 
the "multiples" are usually far more frequent than anticipated from a random 
distribution of mutations and are likely to arise from bouts of transient hypermutability 
such as might result from errors of transcription, translation, or folding in proteins 
involved in diverse DNA transactions (Drake et al., 2005). In addition, closely spaced 
complex mutations are sometimes produced by DNA primer extension using ectopic 
templates, but these can usually be recognized by finding the ectopic donor sequences 
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(Schultz and Drake, 2008). All of these kinds of supra-basal mutation rates may well 
contribute to evolution, but to an unknown extent. 

3. Informative Exceptions 

The single most remarkable aspect of comparative mutation is the very narrow range 
of genomic rates among the DNA microbes, and perhaps also among animals if the 
estimates in Table 1 are correct. Because genome sizes vary by about 6000-fold among 
the microbes that make up that entry in the table, average mutation rates per base pair 
necessarily vary inversely by about the same factor, an observation that is about two 
decades old (Drake, 1991) but remains unexplained: while much is known about fidelity 
mechanisms in many of these model organisms, it is not known why "0.004" is such a 
strongly preferred value. 

One of the most frequently evoked hypotheses has its origins in the work of Motoo 
Kimura, who pointed out that down-modifiers of mutation rates should be adaptive 
because most mutations are deleterious, at least within the effective genome (the latter 
concept not being anticipated at that time because of the lack of DNA sequences to 
reveal the large fractions of many genomes that consists of DNA not subject to strong 
purifying selection). As he appreciated, however, there will always be a cost associated 
with further reducing the error frequency (Kimura, 1967). (He also noted that up
modifiers of mutation rates would be inefficiently selected through the adaptive 
mutations they might produce because the favorable alleles would soon be separated 
from the mutator allele by recombination, an efficient process in frequently sexual 
organisms and not necessarily sufficiently absent from bacteria to prevent such 
selection, although the issue is complex.) In any case, the Kimura conjecture implies an 
equilibrium mutation rate, but does not imply that the equilibrium would be the same in 
such a diverse set of organism with so sharply differing life histories and molecular 
mechanisms for maintaining replication fidelity, especially when it encompasses a 
6000-fold variation in average mutation rate per base pair. 

An experimental test of the Kimura conjecture might consist of artificially 
increasing the mutation rate with a physical or chemical mutagen and then determining 
how the overall rate adjusts during subsequent evolution in the laboratory, but there are 
many pitfalls in this approach, one being uncertainly about the time required to reach 
equilibrium and another being about the limited set of environments that can be 
explored in the laboratory. Our first test of the conjecture involved characterizing 
mutation in the hyperthermophile Sulfolobus acidocaldarius because we wondered if 
growth at extreme temperatures might introduce so much DNA damage as to force the 
mutation rate upwards. However, the result was just the opposite: mutation rates were 
lower in S. acidocaldarius than in the mesophilic microbes examined to date (Grogan et 
al., 2001 ). We then considered the impact of temperature on the average base pair in a 
protein-encoding gene, knowing that one of the easiest kind of conditional mutation to 
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isolate historically in many microbes was a temperature-sens1t1ve allele. It seemed 
reasonable to surmise that many neutral missense mutations in mesophiles would 
become deleterious at higher temperatures, in which case purifying selection against 
nonsynonymous mutations would be expected to be more intense in thermophiles than 
in mesophiles. This turned out to be correct: the estimator dN/dS (where N refers to 
nonsynonymous mutations and S to synonymous mutations) averaged to about 0.14 in 
mesophilic DNA microbes but fell to about 0.09 in thermophiles (Friedman et al., 
2004). Also, because S. acidocaldarius was the first archaeon to be examined for its 
mutational propensities, we repeated the analysis in a bacterial thermophile, Thermus 
thermophilus, and observed again that the mutation rate was lower than seen in 
mesophiles (Mackwan et al., I 008). The more reliable of the mesophile and thermophile 
rates are listed in Table 2 and were calculated using only chain-terminating mutations to 
estimate BPS rates. 

Table 2. Rates of sEontaneous mutation in DNA microbes. 
Organism Genome (nt) µb µ8'. µ~BPS) µ~indel) 

Phage M13 6.4 x 103 7.5 x 10-7 0.0048 0.0038 0.0010 

Phage I.. 4.9 x 104 5.3 X 10-B 0.0026 0.0022 0.0004 

Herpes simplex virus 1.5 x 105 1.8 x 10-B 0.0043 0.0035 0.0008 

PhageT4 1.7 x 105 J.8 X 10-B 0.0038 0.0030 0.0008 

Escherichia coli 4.6 x 106 6.4 x 10-10 0.0030 0.0025 0.0004 

Saccharomyces 1.2 x 107 3.6 x 10-10 0.0044 0.0041 0.0003 

cerevisiae 

Schizosaccharomyces 1.3 x 107 2.4 x 10-10 0.0030 0.0026 0.0004 

porn be 

Mesophile mean 0.0038 0.0032 0.0006 

Thermus thermophilus 2.1 x 106 3.2 x 10-10 0.00067 0.00054 0.00013 

Sulfo/obus 2.2 x 106 J.7 X 10-IO 0.00037 0.00011 0.00026 

acidoca/darius 

Thermophile mean 0.00052 0.00033 0.00019 

Values are from Drake (2009). The value for phage A. is for its rates when growing lytically. Where a 
mutation reporter was impacted by an extreme indel hotspot, the posted values are for the rates without the 
hotspot; the overall profile is only modestly impacted by this procedure. The total genomic rate µ~ is 
fractionated into its base-pair substitution and indel components, µ.(BPS) and µ.(indel), respectively. 
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Not only are total genomic rates seen to be reduced in thermophiles (by roughly 7-
fold), but the main cause of this decrease is a I 0-fold decrease in BPS rates. These 
results provide a striking confirmation of the concept of a reciprocal relationship 
between the impact of mutations and the genomic mutation rate, as expected from the 
Kimura conjecture. 
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Abstract- Double-strand breaks (DSBs) are the most toxic kind of DNA damage caused 
by ionizing radiation as well as by a number of other environmental factors and drugs. 
DSBs lead to gross chromosome rearrangements, genetic disease, and cancer or cell 
death. However cells can be programmed to generate DSBs in their own DNA. 
Programmed DSBs are a key element of many biological functions such as meiotic 
recombination and segregation, adaptive immunity, regulation switches and viral life 
cycles. Either damage-induced or programmed DSBs should be repaired in order to 
retain cell viability. Over the last years it has been established that DSB repair can be 
associated with up to I 0,000-fold increase in frequency of base substitutions and small 
insertions/deletions (indels). This localized hypermutability represents additional 
genotoxic threat as well as a potential for generating rare multiple mutant alleles with 
high fitness without overloading the rest of the genome with mutations. 

Keywords: DNA repair, mutagenesis, double-strand breaks, multiple mutations 

1. A challenge of multiple mutations in a single ORF 

Even a single mutation in DNA can alter biological functions either to a benefit or to 
a detriment of a cell or an organism. Thus important balance must be maintained 
between limiting mutation frequency to avoid harmful changes on one hand and on the 
other hand allowing the level of mutagenesis which can generate sufficient amount of 
rare adaptive changes fueling evolution. In various species the rates of spontaneous 
mutations on a genome scale are kept down by a firewall of replication fidelity and 
repair systems (Kunkel et al. 2000; Friedberg et al. 2006). Based on studies with 
mutation reporters mutation rate per genome in various species is low; no more than one 
out of a hundred new cells would carry a single new mutation in the entire genome 
(Drake 1999; Drake et al. 1999). Thus accumulation of multiple mutations in a genome 
over just few generations would be extremely unlikely. Even less likely would be the 
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incidence of simultaneous changes in a single gene; however multiple mutations in a 
gene would carry the strongest biological effects, i.e. reduction in gene function, 
increase in gene function or even creation of a novel function. The stronger potential of 
multiple mutations is evident for the case of gene inactivation, since the majority of 
base pair substitutions (bps) and even some of small insertions and deletions (indels) 
would leave the gene function on a biologically sufficient level. Multiple mutations are 
also more likely to generate changes increasing fitness. Limited number of studies 
aimed to generate enzymes with enhanced or even new activity established that this can 
be achieved primarily by multiple mutations (Camps et al. 2007; Romero et al. 2009). 
Importantly, multiple mutations showed sign epistasis, i.e. a condition when individual 
changes within a multiple mutant are neutral or even deleterious (Weinreich et al. 2005; 
Kogenaru et al. 2009). On the evolution scale it translates into a requirement of 
multiple mutations to avoid fitness valleys (i.e. steps with reduced fitness within the 
succession chain of mutations resulting in alleles with high fitness) by following fitness 
ridges involving only the succession of mutation steps that do not lead to fitness 
reduction (Wright 1932; DePristo et al. 2005). As established by comparisons across 
wide range of taxons sign epistatsis as well as fitness ridges and valleys are the present 
characteristics of protein evolution (Povolotskaya et al. 2010). However, fitness valleys 
are not a concern if multiple mutations of the advantageous alleles occur by 
simultaneous or closely timed events. Multiple mutations that appear to be 
simultaneous or coordinated in time (chronocoordinate) were also detected in normal 
mouse and human tissues (Colgin et al. 2002; Wang et al. 2007) and in tumors (Chen et 
al. 2008; Chen et al. 2008; Kashuba et al. 2009). While the fraction of such mutations 
is small they may play bigger role only in some categories of cancers especially in 
cancers associated with high density of DNA damage (see below). 

Since beneficial mutations represent only a tiny subset of all possible changes, 
only very small group of multiple mutations can be expected to bring high fitness. In 
order to get a specific set of simultaneous specific mutations in a single ORF with a 
realistic probability, individual changes should have a very high chance. Based on the 
maximal estimate of spontaneous mutation rate for as 10·9 per nt (Drake 1999; Drake et 
al. 1999) even the simultaneous mutations of three specific bases become practically 
impossible (10-27), because it would require unrealistic amounts of biological material 
(for example 1027 yeast cells would weigh 100 billion tons). Several orders of 
magnitude greater mutation rates are required to make simultaneous multiple mutations 
realistic. For example, the rate of 104 per nt would allow a simultaneous mutation of 
three specified nucleotides to be found among 1012 cells which corresponds to just 100 
grams of yeast or around 1 kg of human cells. Such high mutation probabilities are 
impossible on a genome-wide scale even for a single cell generation. A minimal 
approximation for 40,000 one-kilobase ORFs (minimal estimate for a diploid human 
genome) gives around 4,000 mutations, which would create intolerable mutation load 
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by coincidence of allelic recessive lethals and by inactivation of haplo-insufficient 
genes. 

2. Pathway generating multiple mutant alleles 

The genome-wide mutation overload can be avoided if high mutation density would 
be generated only in a small section of a genome - a phenomenon we define as 
localized hypermutability (LHM). Some regions of a genome could be permanently 
more prone to mutations than others. The presence of at-risk motifs capable of forming 
DNA structures that are poor substrates for DNA repair and mutation avoidance 
systems (Gordenin et al. 1998; Zhao et al. 2010) and chromatin structure and 
modification (Hassa et al. 2005) are among possible causes. Studies of adaptive 
mutagenesis in E. coli by Rosenberg et al. (Harris et al. 1994; Rosenberg et al. 1994) 
indicated that double-strand break (DSB) repair could be mutagenic. Soon after that 
Jeff Strathern and colleagues have established in the model yeast system using a defined 
site-specific DSB repaired by homologous recombination that the repair in fact is 
associated with up to several hundred fold increase in mutation frequency in the area 
around a DSB (Strathern et al. 1995; Rattray et al. 2003). Thus there is a potential for 
LHM to emerge in any given place of the genome, if there is a DSB followed by DSB
repair. Later the hypermutability of DNA adjacent to a site-specific DSB has been 
shown also in E. coli thus establishing the generality of the phenomenon across 
microbial taxons (Ponder et al. 2005; Galhardo et al. 2007). Recently we confirmed 
one of the sources of LHM proposed by the Strathern group - hypermutability of long 
single-strand DNA (ssDNA) formed by strand-biased 5'73' DNA degradation 
(resection) (Yang et al. 2008). The second proposed source - error-prone DNA 
synthesis creating two new strands in the course of filling a double-strand gap was 
demonstrated recently by the Haber lab (Hicks et al. 20 I 0). In all systems the rates of 
mutation per nt in the absence of applied DNA damage ("spontaneous") was close to 
1 o-6 per nt initially estimated by the Strathern group (Rattray et al. 2002) (see also Table 
1 ). Not surprisingly this level of hypermutability produced only single mutations. 

The rates of spontaneous LHM associated with DSB repair vary around the 
estimated value of in viva error rates in yeast cells carrying double defect in DNA 
polymerase proofreading and in post-replicative mismatch repair (MMR) (l.5xl0-6 per 
nt in theURA3 gene (Morrison et al. 1993). Importantly, combination of proofreading 
and MMR defects did not produce multiple URA3 mutations even through growing 
yeast cells for several generations. There are no indications so far that significantly 
higher in viva rate of errors capable of producing simultaneous multiple mutations 
within a single ORF could be achieved during synthesis on long undamaged templates. 
However, very high mutation density can be achieved if LHM is associated with DNA 
damage. The striking case of programmed damage-induced increase of mutation 
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frequency by about million-fold as compared to genome-wide rate has been well 
established for a small region of the lg-locus in genomes of immune B cells ((Odegard 
et al. 2006; Liu et al. 2009) and Table 1). The increase in somatic mutation (somatic 
hypermutability -SHM) is confined to a small region within the lg locus. SHM is 
driven by a specialized enzyme - activation-induced deaminase (AID), which converts 
a part of cytosines into uracils in the SHM region. Since this region is involved in 
determination of the affinity to an antigen, SHM results in a very fast accumulation of 
multiple mutant alleles providing sufficient material for selecting cells producing 
antibodies with several orders of magnitude greater affinity to the antigen. Because of 
the specially organized cell division control the very same cells also have proliferation 
advantage over the cells producing antibodies with lower affinity. LHM can bring not 
only high fitness alleles with improved or new function. It also increases the frequency 
of gene inactivation. Albeit with much lower efficiency, AID expressed in immune 
cells is mutagenic for several other genomic regions, which makes them prone for 
undesired changes (Unniraman et al. 2007; Liu et al. 2008; Liu et al. 2009). However, 
since LHM is mostly confined to a small region within the lg-locus, it can generate 
multiple mutant alleles with high fitness without overloading genome with additional 
mutations and thus avoiding accumulation of lethal or low fitness alleles in other genes. 

Can damage-induced LHM operate in a non-programmed mode? The existence of 
multiple powerful repair systems enables living cells to repair vast number of damages 
through a single cell cycle. Even the number of endogenous damages in normal human 
cells is estimated in tens of thousands (Lindahl et al. 2000). The tolerable number of 
damages that can be caused by exogenous sources can be orders of magnitude greater 
reaching a density of one damage per several thousand nt (Resnick et al. 1972; 
Wheatcroft et al. 1975; Santos et al. 2006; Pachkowski et al. 2009). Unrepaired 
damages often lead to mutations, if copied by error-prone translesion synthesis (TLS) 
DNA polymerase (Plosky et al. 2004; Friedberg 2005). A cell with high density of 
DNA damage will inevitably die if it lacks DNA repair throughout the genome. 
However, the lack of repair in a small section of the genome could be tolerated. In this 
situation error-prone TLS during replication of the damaged section can produce a 
stretch of multiple mutations. Most of DNA repair systems operate in double-strand 
DNA (dsDNA). However, damage in rare stretches of single strand DNA (ssDNA) 
would be often left unrepaired and thus lead to mutation. Coincidence in formation of 
large stretches of ssDNA with DNA-damage could, in principle, be a source of LHM, if 
damaged ssDNA is capable of recovery to <ls-state. However, if long ssDNA with 
multiple damages is lost because of degradation or cell death triggered by checkpoint 
reaction, the opportunity for multiple mutations will be lost. 

We sought to determine if long stretches of ssDNA formed around DSB or at 
uncapped telomeres can recover with multiple mutations (Yang et al. 2008). For that 
purpose we developed special genetic systems in model eukaryote, yeast S. cerevisiae 
where stretches of long ssDNA can be formed around inducible site-specific double 
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strand break or uncapped telomeres formed by holding a telomere-capping cdcl 3-1 
mutant in non-permissive temperature (Figure I, Table I). In these model systems we 
observed the frequencies of damage-induced LHM comparable to those observed in 
programmed SHM within lg-locus (Table 1). Importantly, we observed up to 6 
simultaneous mutations in a single ORF, while mutagenesis in other genomic locations 
was barely detectable. 

Table I. Mutation frequencies associated with various kinds of localized hypermutability. 

Cause ofhypermutability (species) 
Mutation frequency 

per megabase 
References 

DSB-repair in F'-episome (E. coli) 1 19 Gonzalez et al. 2008 

DSB-repair, gap filling (yeast)2 0.7 Hicks et al. 20 l 0 

DNA adjacent to repaired DSB (yeast)3 17 Rattray et al. 2002 

ssDNA adjacent to DSB repair (yeast) 4 13 Yang et al. 2008 

Damage-induced LHM (yeast)5 300 
Yang et al. 2008; 

Yang et al. 2010 

SHM, adaptive immunity (humans)6 1,000 
Odegard et al. 2006; 

Liu et al. 2009 

1 E.coli mutations selected in F' codA,B genes with mutation target size 848 bp usef for 
calculations as determined in the referenced work. 

2 Mutations in the URA3 gene ofSacharomyces cerevisiae occurring during a double-stranded (ds) 
gap repiair, (minimal estimate of mutation target of 125 bp as determined by (Lang et al. 2008) 

Frequency of spontaneous mutations in the vicinity of a DSB repaired by homologous 
recombination. Site-specific DSB was induced next to chromosomal CAN I gene and repaired by 
homologous recombination with a truncated copy of CAN I in the same chromosome. This system did 
not allow distinguishing between hypermutability in transiently formed ss DNA (as in), or 
hypermutability during repair ofa ds-gap (as in (Hicks et al. 2010)) 

4 In this system CAN I reporter gene was placed in the vicinity of a DSB that was repaired by a 
short oligonucleotide, so CAN/ sequence did not participate in a recombination act therefore the most 
likely hypermutable intermediate was a stretch of transient ss DNA next to a DSB. 

5 Average frequencies of mutations induced by UV-C (45 J/m2) and MMS (30 min in 11.8 mM 
(0.1 %) MMS) in yeast ssDNA around DSB or next to uncapped telomere (see also Figure I). 

6 Approximate frequency of mutations associated with somatic hypermutation in the lg-genes. 
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Figure I. Damage-induced localized hyperrnutability associated with transient regions of single-strand DNA 
generated at double-strand breaks and uncapped tclomcres. 

Damage-induced LHM caused by two different kinds of damaging agents, 
ultraviolet light (UV) and methylmethane sulfonate (MMS) completely relied on TLS 
polymerase Polo. Strand-biased mutation spectrum of UV-induced mutations (Yang et 
al. 2008) indicated that mutations are caused by TLS in damaged ssDNA. In a later 
work we found that in the case of MMS mutations were caused by ssDNA-specific 
damage (predominantly N-3-methyl cytosine), so the damage was inflicted after DNA 
became single-stranded (Yang et al. 2010). Importantly, we observed a large number of 
strand-biased multiple mutations (up to 6 widely spaced changes in a 4 kb ORF). Thus, 
yeast cell is set to generate simultaneous multiple mutations in a single ORF by 
mechanism of damage-induced LHM. 
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Experimental approached and conclusions summarized in this figure were described 
in (Yang et al. 2008; Yang et al. 2010). (A) Double-strand break (DSB). Long 
ssDNA can be generated around a DSB by 5'73' resection if DSB repair is delayed. 
While DNA damage in ds regions (grey stars) can be repaired by major repair pathways, 
such as BER, NER, PRR, damage in ss DNA often stays unrepaired. Repair of 
inducible site-specific DSB in was allowed by adding oligonucleotides complementary 
to the ends of the break. Trans-lesion DNA synthesis (TLS) is required to build a 
complementary strand on the damaged DNA template. Some TLS events will create 
wild type sequence, however error-prone TLS can generate mutations (blue boxes) at 
many sites of DNA damage. (B) Uncapped telomere. Long ssDNA can be generated 
by 5'73' resection at telomeres that transiently lost capping protein complex. This was 
achieved by shifting cdcl 3-1 mutant to non-permissive temperature (3 7°C). Restoration 
of the telomere cap and dsDNA was allowed by shifting to permissive temperature 
(23°C) after applying DNA damage. Multiple mutations were generated by error-prone 
TLS similar to (A). 

3. Mechanisms of damage-induced LHM 

In our experiments LHM was observed after restoration of damaged ssDNA formed 
at unprotected DNA ends such as DSBs and uncapped telomeres. Long ssDNA was 
well documented at unprotected DNA ends in pro- and eukaryotic microbes, however 
resection tracts may be less long in mammalian systems (Amundsen et al. 2003; Sartori 
et al. 2007; Shrivastav et al. 2008; Mimitou et al. 2009). It is worth note that unlike in 
microbial systems mammalian resection studies mostly rely on detection of ss DNA
interacting proteins rather than direct monitoring of ssDNA formation. The prevailing 
current view that the resection machinery is conserved through eukaryotes but in normal 
conditions end-resection capacity in mammalian cells is limited. Shorter resection 
tracts were also suggested based on high capacity of mammalian cells to non
homologous end-joining (NHEJ) or to microhomology mediated end-joining (MMEJ). 
These pathways efficiently operate with blunt or minimally degraded DNA ends and 
thus quickly eliminate the substrates of end-resection. An additional factor reducing the 
size and number of resection tracts could be the ssDNA binding proteins inhibiting 
resection. Even if normal resection tracts in mammalian cells are shorter than in yeast 
all conserved proteins participating in resection are there so infrequent long resection 
tracts are possible especially when inhibitors of resection would not act. 

Another potential source of long ssDNA is uncoupling between unwinding and 
DNA synthesis in leading and/or lagging strands of replication fork that can be formed 
by infrequent spontaneous miscoordination and/or in response to DNA damage 
blocking DNA polymerase (Lopes et al. 2006; Hamdan et al. 2010). However, the 
frequency of uncoupling and sizes of ss DNA regions are not well documented so far. 
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There were also communications about very long stretches of ssDNA formed in 
cultured cancer cells (Bjursell et al. 1979). The origin of and mechanism producing this 
form of ss DNA are unlnown. However, if it can restore to ds state this could be one 
more source of damage-induced LHM. 

In principle damage-induced LHM should not be necessarily associated with 
ssDNA. It can originate from any cause that would inhibit DNA repair from the time of 
damage trough the next DNA replication. While several factors such as chromatin type, 
nucleosome position or transcription status can affect efficiency of DNA repair and/or 
mutation frequency (see Introduction) there were no demonstration of really strong, 
multi-fold effects of these factors leading to clusters of simultaneously occurring 
multiple mutations. We expect that with accumulation of whole-genome mutagenesis 
data (see e.g., (Nishant et al. 2009; Nishant et al. 2010; Zanders et al. 2010)) will reveal 
important information about pathways and molecular mechanisms of damage-induced 
LHM. 

4. Biological context and evolution implications for damage-induced LUM 

Examples of wide spread clusters of multiple mutations (mutation showers) have been 
detected among mutation spectra in mice and humans (Colgin et al. 2002; Wang et al. 
2007) however the mechanisms generating these clusters were not addressed. 
Hypermutability and mutation clusters in our experiments (Yang et al. 2008; Yang et al. 
2010) were caused by damaging artificially formed ssDNA around inducible site 
specific DSB or in the vicinity of uncapped telomeres in G2-arrested cdc 13-1 mutant 
yeast. However, ssDNA can be formed by resection at unprotected ends of spontaneous 
or damage-induced DSBs. Importantly, the vast number of DNA damaging agents can 
induce both DSBs and mutagenic base or nucleotide damage (Friedberg et al. 2006). 
For example we demonstrated that base alkylation by methyl methanesulfonate (MMS) 
can results in DSBs via faulty repair of closely opposed damages (Ma et al. 2008; Ma et 
al. 2009) as well as in high frequency of base substitutions in artificially formed ssDNA 
around site-specific DSB (Yang et al. 2010). However, there were no or very small 
fraction of multiple mutations found within spectra of spontaneous or damage-induced 
forward mutations in common mutation reporters. Mutation reporters targeted to detect 
low frequencies of clustered multiple mutations are under development in our lab. 

Mutations have generated all current variety of DNA sequences over the time of 
biological evolution. On the evolution timescale localized increases in the numbers of 
mutation accumulated during human evolution from a common ancestor with 
chimpanzees have been associated with meiotic DNA breaks (Lercher et al. 2002; 
Pollard et al. 2006; Dreszer et al. 2007; Duret et al. 2008; Berglund et al. 2009). These 
studies have identified a number of regions (human accelerated regions - HARs) in 
which over the past ten million years of primate evolution much more mutations have 
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accumulated than over preceding hundred million years of mammalian evolution. 
Interestingly, association was detected between hotspots of meiotic recombination in 
human males and HARs. Another distinct feature ofHARs is a mutation bias of A-Tor 
T-A pairs changing into G-C or C-G pairs. One explanation is that there is biased gene 
conversion (BGC) in which G-T and C-A mismatches are more frequently corrected 
towards G-C and C-G as compared with correction towards A-T and T-A. This would 
lead to increased fixation of G-C and C-G mutant base pairs. However HARs could 
also reflect the increased mutability around meiotic DSBs which can be further 
enhanced by endogenous damage to ssDNA formed around DSBs triggering male 
meiotic recombination. Recently, based on analysis of the vast amount of human 
sequencing data it was concluded that the increased rates of base substitutions on an 
evolution, a population and even on a single tumor or cell line timescales are associated 
with rearrangement breakpoints which could at least in part be caused by 
hypermutability of break-associated ssDNA ((De et al. 2010) and references therein). 
Another study associated increased mutation rates in the human evolution line with late 
replicating regions of genome which could be also associated with higher frequency of 
breakage during mitotic divisions in the germline or/and with increase in ssDNA 
formation (Stamatoyannopoulos et al. 2009). These observations together with > 1,000-
fold increase of mutation frequency in damaged ssDNA as compared with dsDNA 
regions demonstrated in our experiments makes us to speculate that significant fraction 
of mutations in nature may come from error-prone translesion synthesis in ssDNA. 
Future studies integrating model experiments with genotoxic factors and whole genome 
mutation analyses on various timescales will shed light on the role of damage induced 
LHM in evolution, biology of species as well as in human health. 
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Abstract- Reliability of cell and multicellular organism is governed by the action of 
special systems among which are six types of DNR repair, renewal of membranes, self
assembling of molecular machines on the cell level as well as repopulation processes 
and cell selections on the level of tissue. These systems reveal and failures in molecular 
structures due to stochastic process and determine the future trends in the cell 
development. Reliability systems may be thought of as a basis for the trouble free 
operation in any living beings and evolution processes. 

Keywords: Failures in biological system, DNA repair, signaling, correction of genome, evolution 

1. Introduction 

Whole world of living beings demonstrates very important inherent property of all cells 
and multicellular organism: very complex in structural and functional organization cells 
with tender and fragile supermolecular structures are characterized by invariant 
reliability of functioning. Determination «reliability» of organism or cell means that 
during interval of time sufficient to perform the main vital function cells and 
multicellular organism, as a rule, are exemplified by a faultlessness within the 
framework of the defined quantitative values of the tension of environment factors. 

The faultlessness of functioning of the systems of organism in the proper terms 
guarantees safety of species. Naturally, the cytogenetic, metabolic and physiological 
processes in organism are followed by failures in functioning one or another systems. 
The clearing of these failures represent a reliability of organism. Naturally, reliability of 
the systems of organism is the result of a long evolution. 

32 



Reliability of organism can be described on the basis of a conception of area of 
reliability under which understand phase space, where as co-ordinates use 
characteristics of the tension of separate environment factors (temperature, humidity, 
intensity of light, sources of energy, some mineral elements etc) is taken to mean. The 
simplest phase space can be two-dimensional when as thebasic factors of environment 
only temperature and humidity are taken into account. 

Using a picture of area of reliability it is convenient to appeal to another very 
important conception of adaptation. Essence of adaptation consists of capacity of cells 
or multicellular organism to conform to new conditions of environment going out 
outside the area of reliability. Due to adaptation the area of reliability can broaden in 
one or another direction of its fields. 

Functioning of any biological system, as a rule, is accompanied by appearance of 
spontaneous damages to molecular or more complex ultrastructures of cells. Among 
other things, cellular membranes can lose the functional ability by virtue of the fact that 
lipids are perpetually subjected to peroxyde oxidation and molecules of DNA undergo 
spontaneously deterioration of this structure. 

Character of failures induced by stress factors depends on nature of the last. So, 
failures in reply to salt stress, naturally, must differ from failures, comings because of 
action of ultraviolet rays or surplus of heavy metals in environment. Therefore methods 
of removal of these failures should be different. 

Ability of plants to form special systems designed to removal of failures or 
consequences of deterioration in structure and function of organism is an integral part of 
vitality. These systems are known as the System of Reliability [Grodzinsky, 1983]. 

2. The main failures in biological systems 

Structural and functional failures in biological systems are recognized. To the first 
belong Deviations from the canonical forms of structures at the level of molecules, 
supermolecular structures, cells and multicellular organism on the whole relate to the 
first type of failures. 

Violations of one or another physiological reaction, metabolism, growth, 
morphogenesis and reproduction fall to the second type of failures. It is difficult to 
reciprocate the structure and functional failures while the first are always responsible 
for functional anomalies at the level of molecules can result in failures functional, 
conditioned that the change of molecules, cells or tissue. Functional failures can be 
stipulated by distortions in the regulatory mechanisms. of the alarm systems. In this 
case, too, the structural failures give rise to functional failures. 

Three general cell structures suffered failures in biological systems are recognized. 
These structures are DNA, membranes and supermolecular complexes due to processes 
of self-assembling. 
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2.1. DAMAGES OF DNA 

Structural damages of unique compounds play a key role in the vital functions of 
organism on different levels of organization. Examples are found in damages of DNA. 
Distortions of the structure of this molecule centre around failures of many processes of 
fundamental importance. There are many types of damages in DNA, among which are 
depurinated DNA, molecules with single- or double-strand breaks, DNA duplex with 
cyclobutanic dimers of thymidine, chemical modifications of bases, covalent binding of 
DNA with nuclear proteins. The failures of more complicated nature can be added to 
these damages in DNA, namely, distortions in the structure of chromatides and 
chromosomes. 

The structure of DNA within cells is constantly damaged under influence of 
endogenous and exogenous factors. Dehydration of cells, fluctuations of temperature, 
presence of substances with mutagenic properties, ionizing radiation, an increase of 
concentration of active forms of oxygen (free-radical forms, hydroxyl radical, 
superoxide, hydrogen peroxide, oxide of nitrogen) are responsible for failures formation 
as well as errors in replication of DNA [Tuteja & oth., 2001]. 

Absorption of ultraviolet rays by molecules of DNA is accompanied by formation of 
different type of damages. Greater part of these damages related to modification of 
nitrogen bases which results in formation of cyclobutanic pyrimidine dimers and 
pyrimuidine-pyrimidone photoproducts. Exactly these damages meet most often. The 
generation of cyclobutanic dimers of pyrimidines owe to covalent binding of thymidine 
or cytidine residues adjoining to each other [Sutherland, 1977]. Thymine, cytosine and 
thymine-cytosine dimers can exist in different conformations. These stereoisomers 
occur with different frequency. Cis-isomers of thymine dimers are found most often. 
Such damages of DNA present a large danger for a cell, because they are accompanied 
with distortion of cell division, complications of replication and transcription as well as 
deterioration of some regulator functions [Britt, 1999]. 

Besides cyclobutanic dimers pyrimidine(6-4)pyrimidone photoproducts are appear 
under influence of ultraviolet rays. These failures arise up due to formation of linkage 
between 6th and 4th atoms of nearby pyrimidine residues. Their output is below than an 
yield of cyclobutanic dimers at the action of ultraviolet. Pyrimidine cyclobutanic dimers 
are characterized by high stability and they do not exposed to the acid hydrolysis. 

Appearance of cyclobutanic dimers in DNA of cell is followed by distortion in 
tertiary structure of this macromolecule, by complication of functioning, that entails 
braking of replication and transcription, and also appearance of point mutations. As a 
result survivability of cells impose to severe ultraviolet irradiation, as a rule, goes 
down. 

Amongst the damages of DNA there are the cross-link of nucleotides, various 
covalent binding of alkyl residues (methyl, ethyl, propyl, butyl residues) to the nitrogen 
bases, in particular thymine glycols, oxidation of guanine under influence of active 
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forms of oxygen, tacking of methyl residue to guanine, resulting in formation of 0 6-

methyl-guanine. As a result of break of glycosidic linkage uniting nitrogen bases with a 
deoxyribose takes place and depurinated or, rarer, depyriminated areas in the molecule 
of DNA arise. 

During replication of DNA errors of coupling of nucleotides occur and 
incomplementary pairs of nucleotides arise in DNA duplex in place of base-pairing A
T or G-C. These incomplementary bases are referred to as mismatches. Although 
polymerase complex, carrying out a replication of DNA, after every insertion of 
nucleotide does a step back and checks up the rightness of including of nucleotide 
though much errors take place, and mismatches as unintagliated wrong pairing of 
nucleotides. Replacement of false bases in daughter's filaments of DNA duplex take 
place also in the case of oxidation of guanine because arising up here 8-oxoguanine 
during replication couple not only with cytosine but also with adenine. As a result of 
this event bases replacements occur in daughter's filament entailing mutational 
changes. 

There are such types of DNA damages under the action of ionizing radiations: 
single- and double-strand breaks. Sugar-phosphate bonds undergo breakage in a result 
of radiation-chemical reactions and single-strand breaks appear in a macromolecule. As 
a rule, breaks of DNA are the result of attack of free radicals, arising up at radiolyses of 
water. 

The double-strand breaks of molecules of DNA arise up as a result of accumulation 
of single-strand breaks in the opposed filaments of the DNA duplex. Single - and 
double track double-strand breaks are distinguished: in the first case these breaks are 
formed along one track of ionized particles, in the second - at the near coincidence of 
two tracks. Ratio between single-strand and double-strand breaks at the irradiation of 
the isolated cells is close to the value 50. 

The linkage DNA-protein are very dangerous damage of DNA structure. Covalent 
bonds, appearing between the proteins of nuclear matrix and nitrogen bases of DNA, 
collapse neither under influence of organic solvents nor at the processes of 
denaturizing. 

Thus we can see that there are very dangerous failures in structure of DNA with 
which are related substantial malfunctions in cells and organism, foremost replication 
and, accordingly, stopping of cell division.Sometimes structural failures in DNA arise 
from cascade process of the structure realignment. The advent of these failures is 
accompanied with a severe sacrifice in cell divisions, loss in the inherited information 
and, in final analysis, to cell death or mutation. 

2.2. MAIN DAMAGES OF CELL MEMBRANES 

Oxidation of some lipid molecules constituent membrane cell system can m1t1ate a 
chain reactions of oxidation of other lipid molecules. As this takes place, many intrinsic 

35 



failures occur, namely, permeability and bioelectric potential of plasmalemma vary 
within wide limits, ability to recognize the signals of cell-cell interactions and other 
systems related to membranes break down. To the damages of molecular components of 
membranes such functional failures are related, as an distortion in compartmentation of 
metabolic pools, and also abnormality in an ability of cells to perception of positional 
information. 

It should be emphasized that the failures in the alarm systems of cells unbalance the 
control of cell-cell interactions, maintenance of different forms of homeostasis from 
ionic to metabolic and upset the equilibrium in the dynamics of cellular populations. 
Thus cells and organisms can Jose a capacity for adequate reaction on biotic stresses 
that will be accompanied by development of bacterial and fungal infections. 

Failures in memrane system can affect the time perception in organism. The 
mechanisms of counting out of time play a determining role in implementation of vital 
strategies. The mechanisms of the so-called biological clock to the present time are 
investigated mainly in a phenomenological plan. Three basic mechanism of memorizing 
of time is known: on the sum of effective temperatures, on a photoperiodic reaction and, 
presumably, on adding up of effects, caused by gravity waves.These mechanisms are 
related to the cell membranes.mem 

The scale of damages of membranes can appear so considerable, that the functional 
failure of this structure acquires catastrophic sizes. 

2.3. ABNORMALITY OF SELF-ASSEMBLING PROCESSES- FAILURES IN 
MOLECULAR MACHINES 

Self-assembling of some molecules of kind proteins, DNA, RNA, lipids take place in 
cell structures and in the issue supramolecular complexes are generated. These 
complexes play a role of the "molecular machines" which are responsible for many 
processes particularly DNA replication, transcription, biosynthesis of proteins, gene 
regulation, transportation of substances through membranes, formation of the electrone 
transport chains in mitochondria and chloroplasts, enzymatic reactions. These molecular 
machines permit to put into effect negentropic processes within cells. 

The foundation of self-assembling is the phenomenon of molecular recognition that 
is responsible for formation of complicated molecular complexes. The complementation 
of the spatial structure of molecules determines molecular interactions. Naturally, any 
chemical modifications in constituents of self-assemlages gave birth to its 
degradation. Degradation of the self-assamblages should be considered as failures of a 
great importance. The rates of some metabolic reactions reflect the frequencies of these 
failures. 
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2.4. FAILURE FLOW IN BIOLOGICAL SYSTEM 

It should be emphasized that the basic systems of reliability cure the nascent failures in 
the molecular structure of cells, where as the mechanisms of ontogenetic adaptation 
provide a realignment of metabolism and morphogenesis for the purpose to shape stress 
tolerance in cells or multicellular organism. 

Failures are characterized by frequency of their appearance. There is a good reason 
to think that there are flows of failures of certain types in cells. Counteraction to failures 
is provided with both the general systems of reliability of organism and adaptation 
mechanisms. These flows are shown in the following chart: 

Failure flow in the systems of cell and organism 

Spontane~ Failu~by stresses 

General Jtems / MechanisJof adaptation 
to reliability 

3. Function of the Reliability System in biological objects 

The main aim of the Reliability Systems consists in removing of failures or 
consequences of malfunctions related to failures in biological objects. 

3.l. PHOTOREACTIVATION OF DNA 

Survivability of cells irradiated with ultraviolet radiation can substantially increase 
under influence of visible light. Effect of renewal of viability in cells exposed to 
ultraviolet rays after the action of visible light got the name of photoreactivation. First 
this phenomenon was discovered in bacteria by A.Ketner [Ketner, 1959]. 

It was shown that special enzymes, photolyases take part in photoreactivation. 
Photoliases are enzymes the action of which depend on flavine adenine dinucleotide 
(FAD). These enzymes absorb dark blue or near ultraviolet light. Absorption of light is 
provided by a presence in the photolyase molecule of two chromophor groups. A 
decouplig between pyrimidine rings takes place due to energy of light absorbed by 
photolyase. The specific binding of photolyase to cyclobutanic pyrimidine dimers or to 
pyrimidine(6-4)pyrimidone photoproducts is accompanied with break of the proper 
linkages due to energy of quanta of light absorbed by photolyase. The role of enzyme 
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consists of transmission of energy of electrone excitation to one of pyrimidine as a 
condition of dimer monomerization. As a result of this process there is a complete 
restructuration of DNA , its reparation occur. This unique reaction is based on the use of 
not chemical but energy of quanta of light. 

CPD photolyases responsible for reparation of dimers have been found out in many 
types of bacteria, fungy, plants, invertebrates and vertebrates. 6-4 PP- photolyases 
related to reparation of pyrimidine(6-4)pyrimidone photoproducts are displayed in the 
less number of species among which are fruit fly, mulberry silkworm, rattlesnake. 

Spectrum of action of photoreactivation is different in various plant species. There 
are the action spectrums with one or a few maximums of absorption. A maximum of 
absorption in the action spectrum of photoreactivation find out in a wide band from 330 
to 450 HM. It should be noted that the spectrum of action does not coincide with the 
spectrum of absorption of the isolated photolyase. Number of molecules of photolyase 
in cells is very insignificantly: only 8 - 10 molecules provide reliable reparation of cell 
exposed to ultraviolet. 

Photoreactivation has benn demonstrated in many plant species related to different 
taxonomic units [Saito & oth, 1969). 

3.2. DNA REPAIR 

The continuous functioning of the systems of DNA repair is required for the normal 
vital functions of cells suffered spontaneously nascent errors in the structure of this 
macromolecule. Naturally, it must exist not alone system of its reparation as there are 
many types of such errors. 

3.2.1. Methyltransferase pathway of DNA repair 

Failures in the form of 0 6-alkylated guanine and 0 4-alkylthymine undergo a reparation 
due to special proteins - methyltransferases which intercept a methyl residue from 0 6-

methylguanine and 0 4- methylthymine. As a result the correct structure of DNA is 
restored. Methyltransferase releasing nucleotides from a methyl can not in subsequent 
be delivered from a methyl residue because this alkyl is bound very firmly with protein 
molecule. In this plan methyltransferases can not be refered to genuine enzymes 
because a release from substrate after a reaction is characteristic for the last. The 
continuous synthesis of methyltransferase is needed for providing a reparation of errors. 
It has been proved that about 100 molecules of methyltransferase are synthesized in the 
cell of E.coli for one minute [Soyfer, 1997). 

3.2.2. Repair depurinated sites in DNA 

Glycosidic bond opening between nitrogen bases and sugar lead to formation of 
depurinated sites in DNA (AP). These sites can be filled with the proper bases with 
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renewal of glycosidic linkage during replication of DNA in accordance with the rules of 
complementary nucleotide pairing. Enzymes providing this pathway of DNA repair are 
given the name DNA-insertases. Direct reparation of DNA is carried out in this case. 

3.2.3. Excision reparation of DNA 

There are repair pathways when damaged sites are cut from the DNA molecule and 
thereafter originated gaps are closed with undamaged structures. 

Reparation of N-alkylated purines and other modified bases in DNA takes place 
with participation of specific N- glycosilase- enzymes splitting bonds between the 
modified bases and desoxyribose. N-glycosilases are also involved in corrections of 
errors in the form of spontaneous deaminization of cytosine or adenine when these 
bases are converted accordingly into uracil or hypoxanthine. Nascent gaps are filled 
with bases in place of the modified basin accordance with the rules of complementation 
under influence of N-glycosilases. 

Uracil-N-glycosilase plays a very important role as an antimutagene factor 
responsible for elimination of failures related to the errors of replication when dUTP is 
included in place of dTTP in the structure of DNA molecule. This error is not 
recognized by DNA polymerases and it will be copied in daughter's filaments of DNA 
at further replication if this damage will not be removed by uracil-N-glycosilase. 

Once the ends of breaks in the filament of DNA are not exposed to chemical 
modification and hydrogen bonds support the structure of DNA duplex, the DNA 
filament can be restored by DNA-polynucleotide ligases. 

Number of mechanisms of DNA repair are handled by more complicated pathways 
which are based on synthetic processes. Excision DNA repair is at the heart of these 
mechanisms. Broadly speaking this pathway of reparation consists of cutting the 
damaged sites in polynucleotide sequence and filling the nascent gaps with new 
fragments of molecule to DNA which are synthesized on the proper area of opposite 
filament used as a matrix. Excision repair consists of the followings stages: recognition 
of damage, incision of polynucleotide chain, delete of part single-strand DNA and 
correction of error. A gap is filled up with the fragment of DNA synthesized on the 
polynucleotide sequence of opposite uncrippled thread of DNA duplex. DNA repair is 
completed with restoration of an initial undamaged structure. Significance of storage of 
the inherited information in form of the DNA duplex is distinctly clear: DNA repair is 
not possible without duble-strand structure. 

Clearly excision reparation of DNA is provided by numerous gene products. As 
pointed out above, there are various chemical modifications of nitrogen bases of DNA 
and these damages are recognized with special enzymes. Thus uracil glycosilase 
recognizes uracil in DNA, PD-glycosilases inquire the cyclobutanic dimers of 
pyrimidines DNA-glycosilase, G-T-glycosilases identify mismatches, MUTY-DNA 
glycosilase exposes DNA containing G-and mismatch etcetera [Friedberg & oth., 1995]. 
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Glycosilases join in with the damaged bases and tear the glycosidic linkage between 
base and deoxyribose. As a result depurinated or depyrimidinated sites arise in DNA 
duplex. The last are identified by AP-endonuclease which makes an incision in the 
thread of DNA, resulting in formation of single-strand break. Phosphodiesterase break 
off the bond in sugarphosphate in the depurinated site. Thus a gap arise in thread of 
DNA opposite uncrippled thread o DNA duplex. DNA a polymerase inserts in this gap 
complementary fragment of polynucleotide chain and polynucleotide ligase provides 
joining of the ends of gap. 

Exactness of identification of the modified bases by glycosilases is very precise. 
Nuclease reaction resulting in formation of gaps carries out a multienzyme complex 
consisting of endonucleases encoded by the genes of uvrA, uvrB and uvrC. Formation 
of long gaps is carried out due to the synthesis of an appropriate fragment in the course 
of DNA polymerase reparative replication and polynucleotide ligase generate linkagwe 
between the ends of gap. As excision reparation proceeds successfully can take place so 
long as the local threads of DNA duplex undergo a stripping down, besides the 
enzymes mentioned before other enzymes, in particular, responsible for stabilization of 
local denaturated DNA as well as factors conditioning locations of sugarphosphate bond 
breakage in molecule of DNA assist in this process. The cuts are done on each side of 
the damaged nucleotide. A single uncrippled nucleotide is inserted in a gap due to 
participation of polymerases. In the described mechanism of reparation a gap can be 
minimal just in one nucleotide. There are more complicated situation in excision 
reparation when more extensive gaps are formed as a result of exonuclease activity. 
Sometimes gaps are long in thousands of nucleotides. 

3.3. REPARATION OF MISMATCHES 

A wrong pairing of nucleotides can arise during replication. The nascent error affects 
daughter's, but not matrix thread of DNA. This error of replication is named as 
mismatch. Repair of mismatches is determined by event of formation optimal strategy 
of genome correction. There are three main responses on failures in genome: apoptosis, 
proliferative death of cell or reparation of DNA. The stage of choice of process which 
will provide reliability of organism is very important. Prosperity of species but not 
individual cell is the top priority of vital strategy of organism. Therefore in many cases 
when there are errors genetic code of cell organism will prefer an apoptosis. This 
phenomenon is often observed in case micro- and macrosporogenese. The alarm 
systems participate in the choice of concrete mechanism of DNA repair. For example, 
cyclobutanic dimers are removed by direct photoreactivation as well as by excision 
repair. 

Repair of mismatches is necessary to carry out in daughter's thread of DNA duplex 
as it will be used in next replication. Therefore there must be a mechanism which allows 
to distinguish daughter's thread and initiate reparation of mismatches exactly in this 
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polynucleotide sequences. Such mechanism was found out: GA ITS methylase attaches 
a methyl residue to adenine in a matrix thread after completion of replication. Genes of 
MUTH, MutL, and MUTS uvrD (helicase V) take part in reparation of mismatches. 

3.4. REPARATION OF DOUBLE-STRAND BREAKS 

Excision mechanism of reparation of DNA can not be directly used in relation to the 
double-strand breaks. A complementary synthesis of uncrippled fragment of DNA can 
not truly be carried out as far as repair mechanisms in matrix area of opposite thread of 
macromolecule is damaged. 

Two different mechanism of reparation of cuts is known: homologous 
recombination and unhomologous reunion of ends of double-strand breaks. 

Reparation by an unhomologous reunion is carried out in all phases of cellular cycle. 
Distortions in complementation of nucleotides, when the thread ends in a double-strand 
breaks are sewn together with covalent linkage can take place at this mechanism. By 
other words, reparation of double-strand breaks can be inexact, erroneous. Direct 
linkage of ends of the threads of DNA at the place of double-strand breaks in such 
state, that their association is possible, occur with the participation of cohesine and 
hRad50 which contact with both ends of the breaks.Reparation by the unhomologous 
fastening of ends of double-strand breaks is usually accompanied by forming of 
deletion. 

Reparation by homologous recombination is possible mainly in S- G2 - phases of 
cell cycle. At this mechanism of A reparation a gap nascent in every threads of DNA 
duplex is built up on the identical uncrippled polynucleotide sequence involved in the 
segment of DNA from the nearest surroundings of the damaged site of DNA. Such 
segment can be chosen, for example, in a sister chromatid and this kind of DNA repair 
is made possible only in postreplicative or synthetic phase of cellular cycle. 

Difficult processes which provide realization of recombination reparation of double
strand breaks, for example, local denaturation of DNA, hydrolysis of proteins related to 
DNA in the site of reparation, displacement of nearby segment of polynucleotide 
sequence complementary to the damaged site are controlled by products of recA gene. It 
is urgent that the segment of DNA duplex which should take part in reparative 
replication as a matrix have passed a replication. 

There are many repetitive nucleotide sequences in genomes of eucaryotes and 
homologous recombination here is always possible. However fraught such kind of DNA 
repair is fraught with chromosome translocations. There is a mechanism of 
suppression of this phenomenon which is usually negative for a cell.. 

The complex of DNA polymerases can in somewise slip damages in a matrix thread 
during the replicative synthesis if damages of DNA were saved, for example, 
cyclobutanic pyrimidine dimers have been saved in a matrix DNA to the moment of 
replication. Under this condition gaps generate in the daughter's thread. These gaps can 
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be build up by means of using an uncrippled thread that has arised in the replication. 
This is also a homologous recombination consisted of using a conformable part of the 
thread from a tetraploid set of DNA in a reparative synthesis of DENA fragment filling 
a gap. The described process is enough complicate as a presence of sister duplex of 
DNA, local denaturation of this duplex as well as some protease reactions and 
undercutting of uncrippled thread of DNA are needed for the correct filling of paps. As 
marked already the product of recA gene takes part in these processes. Apparently, this 
type of reparation is possible only after doubling of genetic material in a cell, when it 
passed a synthetic phase. Therefore this type of reparation is named as post-replicative 
DNA repair. 

More than 40 years passed from the moment of opening of post-replicative DNA 
repair but its mechanisms are not until now exposed the end. However it is known that 
this kind of repair is the main reason for an induction of mutations. 

3.5. SOS DNA REPAIR 

The cells are doomed to proliferative death when they conserve the damages of DNA to 
the phase of replication. The replication in this case can not usually occur. In individual 
cases cells restore genetic structures so that its division became possible but in so doing 
an exactness of genetic information will be lost. Another mechanism of DNA repair is 
known. It lies in an ability of the polymerase complex to form daughter's threads in 
spite of the fact that DNA damages are contained in matrix threads. As a result a cell 
restores a capacity for a division though both matrix and daughter's threads of DNA 
contain errors. RecA protein and products of SOS-genes, among which LexA, uvrA, 
uvrB, UvrD take part in this post-relicative reparation of DNA feels like assumption of 
errors (error-prone repair system). In SOS- reparation takes part. Control above 
expression of these genes carries out by repressor LexA. 

Mechanism of DNA repair of this kind got the name of SOS-reparation. This 
reparation is the very dangerous phenomenon for somatic and reproductive cells 
because the cells doomed to death will appear inevitably in cellular generations. 

3.5.1. Misrepair 

It was marked at the review of mechanisms of DNA repair that at some from them exact 
renewal of canonical structure of nucleotide sequence after the removal of errors does 
not be achieved and recovered failures is retained in the cell genome. The fact of 
conservation of errors in genome provides reason to talk about the presence of 
erroneous reparation (misrepair, error-prone reparation). It is hardly probably that 
conservation of errors in genome can be conseived of as a display of certain 
biochemical random events since there are kinds of DNA repair among the systems of 
reparation which can provide complete faultless reparation of DNA. 
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3.6. REPARATION IN MEMBRANES AND SUPRAMOLECULAR PRODUCTS OF SELF
ASSEMBLINGS 

Recovery of membranesis accomplished by membrane flow function of which consist 
in transfer of new lipid components from the Golgi apparatus to membranes. New lipid 
materials are used in recovery of oxidated sites in membrane. The rate of renewel of 
lipids in membrane materials is representative of the failure frequency in membrane. 
This rate varies over a wide range. 

Synthesis of new proteins and the substances of other nature is necessary for 
spontaneous recovery of self-assemblings in cell. Degradation and recovery of these 
self-assembling "molecular machines" make up the principal component in the cell 
metabolism. The products of disintegration of molecular machines are subjected to 
hydrolysis. New components for self-assembling processes are synthesized. The is 
precise control over this synthetic processes. 

3.7. SIGNAL SYSTEM IN THE MITIGATION OF THE FAILURE CONSEQUENCES 

The failures in any biological systems may be regarded as signals activating the 
Systems of Reliability. There are many signal system in cells and these systems are 
involved in signalling processes which are implicated in the realization of responses of 
biological systems on the advent of failures [Szumiel, 2008]. 

DNA damages are perceived as signals for the system of DNA monitoring. As a 
result various strategies of cell responses on failures in DNA can be formed. All these 
strategies should be optimal in relation to a well-being of species as a whole. Misrepair 
should be mentioned among the strategies of the cell responses on failures in genome 
since this kind of DNA repair essential for increasing of variability. The foundation of 
evolution of species is the variability related to misrepair of DNA. 

Signaling processes related to the DNA repair schematic are here shown. 

Failures in genome, 
Damages of DNA .. 

DNA monitoring system .. 
Alarm si;nal 

Cross-talk in signalling system • Choosing strategy of cell response 

/' + ~ 
Restoration of DNA Apoptosis 

primary structure 
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4. Conclusion 

There is a great depth of meaning in existence of repair mechanisms. The availability of 
several modes of DNA repair is worthwhile. On the one hand complete reparation of 
genome gives the most effective conservation of hereditary characters in species, and on 
the other modes of error-prone DNA repair, has also certain biological meaning as the 
process of variability necessary for the evolution of species is supported due to 
erroneous reparation. Thus the erroneous reparation of DNA may be thought of as a 
principal reason of the variability which is often referred to by name an indefinite 
variability. If reparation in the all cases of its display was faultless and complete, 
evolution would be impossible. 

It is not inconceivable that the choice of mode of DNA repair as a result of the 
cross-talk process is controlled by the requirement of species in that the certain level of 
variability determines an optimal adaptive strategy of organism. 

By reliability of the biological system is meant that organization of the processes in 
cells minimizes flow of failures and provides recovery of system. Reliability of 
organism is expressed through all forms of its stability. In this connection testing of 
reliability of cell and multicellular structure is carried out on the different forms of 
stability as well as on an assessment of an ability of biological system to forestall 
formation of molecular or supramolecular damages appearance of which entails 
physiological or cytogenetic failures in cells and organism or presence of mechanisms 
the action of which consist in remedying these damages (reparation of DNA, 
membranes, supramolecular structures). 

A capacity for adaptation in regard to certain factors which can acquire a stress 
tension was formed during the evolution of species. 
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Abstract- Pigmentation by flavonoid pigments is the oldest trait employed for studies in 
genetics. In the current chapter, we describe application of the flavonoid biosynthesis 
(FB) genes as a model in the study of regulatory-target gene relationships in 
allopolyploid wheat genome (Triticum aestivum, AABBDD, 2n=6x=42) and gene 
functioning in a foreign background in wheat-alien hybrids. Investigation of this 
multicomponent gene system showed that FB gene regulation cuts across genomes of 
allopolyploid wheat, the regulatory FB genes contribute more to the functional 
divergence between the diploid genomes of allopolyploid wheat than do the structural 
genes, and a good cooperation of the wheat and alien FB gene systems is observed in 
wheat-alien hybrids. 

Keywords: allopolyploids, wheat, tlavonoid biosynthesis, multicomponent gene system, genetic 
mapping, gene regulation 

1. Introduction 

Bread wheat (Triticum aestivum L., 2n = 6x = 42) is derived from a complex 
hybridization process involving three diploid species carrying the three homoeologous 
genomes A, B and D (Kihara, 1944, 1954 ). The progenitors of the A, B and D genomes 
(T. urartu, Aegilops speltoides and Ae. tauschii, respectively) are closely related, and 
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the gene content in these three genomes is largely conserved. Thus, there are commonly 
three representatives of each single copy gene present in bread wheat. They are referred 
as homoeologous genes. Due to allopopyploid nature of wheat chromosome engineering 
technologies can be successfully applied to its improvement by introgression of alien 
genetic material from some other cereal species. It is of interest how genetic material 
derived from different species or genera manages to coexist in a common nucleus. The 
mechanisms underlying adaptation of different genomes in a common nucleus are 
known to be acting at the different levels of cell organization. Besides changes in 
genome size (Ozkan et al., 2003) and genome structure (Song et al. 1995; Pestsova et 
al., 1998; Ozkan et al., 2001; Kashkush et al., 2002; Salina et al., 2004; Ma and 
Gustafson, 2008), alteration of gene expression in allopolyploids in comparison with the 
diploid parents is observed. This chapter will focus mainly on the regulation of gene 
transcription in multicomponent flavonoid biosynthesis gene system in allopolyploid 
wheat and wheat-alien hybrids. 

Flavonoid substances are divided into 12 classes. Eight of the 12 classes are known 
to be either plant pigments or precursors of the pigments. Different plant organs can be 
colored with flavonoid pigments. Mutations in the genes determining coloration are 
nonlethal and confer easily scorable phenotypes, therefore flavonoid biosynthesis (FB) 
gene system provides a colorful tool for studies in genetics and biotechnology. FB 
genes contributed to understanding and discovery of many genetic and epigenetic 
phenomena, such as basic underlying principles of heredity (Mendel, 1865) and gene 
polymery (Nilsson-Ehle, 1909, 1914), transposable elements and epigenetic gene 
regulation (McClintock, 1956), posttranscriptional gene silencing (Napoli et al., 1990) 
and paramutations (Brink, 1956). FB also has contributed to understanding of the 
organization of metabolic pathways in plants (Quattrocchio et al., 2008; Winkel, 2008). 
Recently, FB genes have been used as a model to investigate how genes function in a 
foreign background in wide hybrids and to study interaction between structural genes 
and their homoeologous regulatory genes in allopolyploid wheat genome (Khlestkina et 
al., 2008a, 2009a; Khlestkina, 20 I 0). 

2. Biological role of flavonoids 

Coloration of different plant organs (stems, flowers, seeds etc.) with flavonoid 
pigments is not a luxury. It plays multiple biological functions in plants. Flavonoids are 
known to be important for plant growth, development and reproduction, as well as for 
biotic and abiotic stress tolerance. 

In 1883, Charles Darwin noted in his book that pigmented canes, grapes and onion 
are more resistant to diseases than white varieties of these species, and that red wheat is 
hardier in northern climates than white wheat (Darwin, 1983). Later, many researchers 
reported relationships between pigmentation intensity (or content of certain flavonoid 
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substance and transcriptional level of FB structural genes) and level of resistance to 
different stressors (or extent of stress-induced damage) (Parker, 1962; Mehdy and 
Lamb, 1987; Bahler et al., 1991; Singh et al., 1995; Christensen et al., 1998; Chalker
Scott, 1999; Hoch et al., 2003; Giovanini et al., 2006). In particular, pigmentation of 
plant organs with anthocyanins is important for plants defense against UV-light, cold, 
draught, salinity stress, heavy metals, irradiation exposure, nutrient deficiency and 
fungal diseases (lzdebski, 1992; Chalker-Scott, 1999; Farrant, 2000; Bogdanova et al., 
2002; Nozzolillo et al., 2002; Ryan et al., 2002; Lachman et al., 2005; Nagata et al., 
2005; Suzuki et al., 2005; Plaza et al., 2009; Pozolotina et al., 2007; Tereshchenko et 
al., 2010). 

Furthermore, flavonoids affect plant growth, development and reproduction, 
membrane permeability and seed germination, and prevent pre-harvest sprouting 
(Gfeller and Svejda, 1960; Miyamoto et al., 1961; Freed et al., 1976; Khan et al., 1996; 
Clegg and Durbin, 2000; Debeaujon et al., 2000; Himi et al., 2002; Sasaki and 
Takahashi, 2002; Peer and Murphy, 2008). 

3. Genetic bases of ftavonoid biosynthesis in wheat 

Flavonoid biosynthesis genes are divided into the regulatory and the target genes. 
FB enzymes are encoded by the structural genes representing the target genes in the 
network. Regulatory genes control tissue-specific expression of the target genes. 
Genetic bases of flavonoid biosynthesis have been intensively studied in maize, rice, 
barley, Arabidopsis, petunia and morning glory (Mol et al., 1988; Chopra et al., 2008). 
In wheat, until recently, information on flavonoid biosynthesis gene system was very 
scant. Different wheat plant organs may be colored with flavonoid pigments such as 
anthocyanins (grain pericarp, coleoptile, · culm, leaf blade, leaf sheath, auricle, anther 
and glume; Mcintosh et al., 2008; Khlestkina et al., 2008b), proanthocyanidins (seed 
coat; Miyamoto and Everson, 1958) and phlobaphenes (glume; Khlestkina, 2010). In 
wheat genome, at least 70 loci were found, either determining pigmentation of different 
organs or encoding FB enzymes (Mcintosh et al., 2008). Some of the genes determining 
organ pigmentation may encode transcriptional factors regulating expression of the FB 
structural genes (Himi and Noda, 2005; Khlestkina et al., 2010a; Khlestkina et al. 
unpublished). 

3.1. GENES DETERMINING PIGMENTATION OF DIFFERENT ORGANS 

Three genes determining red coleoptiles coloration were reported in hexaploid 
wheat, localized on homoeologous chromosomes 7 A (Sears, 1954), 7B (Gale and 
Flavell, 1971) and 7D (Jha, 1964). Microsatellite mapping of these genes showed them 
to be homoeoloci which were designated Re-Al, Re-BJ and Re-DJ, respectively 
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(Khlestkina et al., 2002). Two genes controlling purple culm were localized on 
chromosomes 7B (Kuspira and Unrau, I 958) and 7D (Maystrenko I 992). Later they and 
the third gene on chromosome 7 A were mapped in homoeologous positions (loci 
designations: Pc-Al, Pc-BJ and Pc-DJ) in close linkage with the Re-I loci (Khlestkina 
et al. 2009b, 20 I Oa). Furthermore, novel genes determining purple leaf blade color (Plb
Al, Plb-Bl and Plb-Dl) and purple leaf sheath color (Pls-Al, Pls-Bl and Pls-Dl) were 
mapped in close linkage with the Rc-1 and Pc-I genes (Khlestkina et al. 2009b, 20 I Oa). 
Two genes determining purple anther (Pan-Al and Pan-DJ) were mapped on 
chromosomes 7 A (Blanco et al., I 998) and 7D (Khlestkina et al. 2009b) in a short 
distance from Re-Al and Re-DJ, respectively. Comparative mapping in wheat and 
maize .demonstrates that the wheat Rc/Pc/Plb/P/s/Pan gene cluster locates in syntenic 
region in comparison with the maize genome region carrying locus c 1 encoding Myb
like regulatory protein and determining anthocyanin pigmentation in maize (Devos et 
al., I 994; Khlestkina et al., 2008b ). Furthermore, the c 1 gene was used as a probe in 
Southern hybridization-based mapping in wheat, and its homolog was mapped to the 
chromosomes 7 A, 7B and 7D in position highly comparable with that of the wheat 
Rc/Pc/Plb/Pls/Pan gene cluster (Li et al., I 999). 

Two complementary genes determining purple grain pericarp, Ppl and Pp3, were 
mapped to non-homoeologous chromosomes 7B and 2A, respectively in both hexaploid 
(Dobrovolskaya et al., 2006) and tetraploid wheats (Khlestkina et al., 20 I Oh). 
Comparative mapping in wheat, rice and maize demonstrates that the Pp3 gene locates 
in syntenic region of the rice and maize genomes carrying loci Pb (Ra; Hu et al., I 996; 
Wang and Shu, 2007) and Le (R; Ludwig et al., I 989), respectively, encoding Myc-like 
regulatory protein determining anthocyanin pigmentation. 

Three genes determining red auricles, Ral, Ra2, Ra3, were assigned to non
homoeologous chromosomes ID (Gulyaeva, I 984), 4B and 6B (Melz and Thiele, 
1990), respectively. 

The pigmentation traits described above are due to anthocyanin biosynthesis. In 
wheat, ·seed coat, glumes and awns may be colored with proanthocyanidins or 
phlobaphenes. Three genes determining red seed coat color, R-Al, R-BJ and R-DJ, were 
mapped to the homoeologous chromosomes 3A, 3B and 3D (Flintham and Gale, I 995). 
Three homoeologous loci determining red, smokey-grey or black glume color, Rg-Al, 
Rg-Bl and Rg-Dl, were mapped to chromosomes IA, lB and ID (Khlestkina et al., 
2006, 2009c). Homeoloci determining black (Bia) or red (Raw) awn color are closely 
linked to the Rg-1 genes (Pan in and Netzvetaev, 1986; Borner et al., 2002). 

3.2. GENES ENCODING FLA VONOID BIOSYNTHESIS ENZYMES 

The genes for phenylalanine ammonia-lyase (Pal) were cloned (Liao et al., I 996; Li 
and Liao, 2003) and mapped (Li et al., I 999) to chromosomes of homoeologous groups 
3 and 6. The genes for chalcone synthase (Chs) were cloned (Yang et al., 2004) and 
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mapped (Li et al., 1999) to chromosomes of homoeologous groups 1 and 2. The genes 
encoding chalcone-flavanone isomerase (Chi) and anthocyanidin-3-glucoside 
rhamnosyltransferase (3Rt) were cloned and mapped to chromosomes of homoeologous 
group 5 (Li et al., 1999; Khlestkina et al. 2009a; Tereshchenko and Khlestkina, 
unpublished). The genes for flavanone 3-hydroxylase (F3h) and dihydroflavonol-4-
reductase (Dfr) were cloned and mapped to chromosomes of homoeologous group 2 
(Khlestkina et al., 2008a) and 3 (Himi and Noda, 2004; Munkvold et al., 2004), 
respectively. The anthocyanidin synthase (Ans) genes were cloned and mapped to 
chromosomes of homoeologous group 6 (Himi et al., 2006). 

4. Regulation in flavonoid biosynthesis gene systems in wheat and wheat-alien 
hybrids 

Mapping the genes participating in pigmentation traits formation in wheat allowed 
to choose proper genetic models for the further investigation of FB gene regulation in 
allopolyploid wheat and wheat-alien hybrids. 

4.1. TRANSCRIPTION OF FLA VONOID BIOSYNTHESIS STRUCTURAL GENES IN 
WHEAT 

4.1.1. Transcription of flavonoid biosynthesis genes in different organs 

Analysis of wheat near-isogenic lines showed that wheat R gene determining red 
seed coat col or is a tissue-specific Myb-like transcriptional activator of the FB structural 
genes (Himi and Noda, 2005). 

Using wheat 'Chinese Spring' with green coleoptile and chromosome substitution 
line 'Chinese Spring'('Hope' 7A) with red coleoptile, Ahmed et al. (2006) showed that 
Re-Al gene may be a transcriptional activator of the structural genes Dfr, Ans and Ufgt 
(UDPG flavonol 3-0-glucosyl transferase). The use of such models as substitution, 
recombinant and introgression lines demonstrated that Re-Al, Re-BJ and Re-DJ activate 
transcription of the F3h gene in colored wheat coleoptiles (Khlestkina et al. 2008a, 
201 Oa). Transcriptional activating function of the Rc-1 genes is in agreement with the 
comparative mapping in wheat and maize, suggesting Re to be an orthologue of the 
maize cl gene encoding Myb-like regulatory protein determining anthocyanin 
pigmentation (Devos et al., 1994; Khlestkina et al., 2008b). The gene Pc-1 which is 
closely linked to Re-I was shown to activate transcription of the Chs, F3h and Ans 
genes in purple culm (Tereshchenko and Khlestkina, unpublished). Probably, the wheat 
Rc/Pc/Plb/Pls/Pan gene cluster in wheat chromosome 7 originates from the single 
ancestor Myb-like gene-orthologue of the maize gene cl. 

Using wheat near-isogenic lines we demonstrated that the Rg-1 genes activate Chi 
transcription in red and black glumes, whereas the Pp3 gene activate the Chs, F3h and 
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Ans genes in purple pericarp. Furthermore, analysis of expression of the candidate gene 
for Pp3 in pericarp of the isogenic lines confirmed the suggestion resulted from 
comparative mapping in wheat, rice and maize that Pp3 is a Myc-like transcriptional 
activator for the structural FB genes (Khlestkina, 20 I O; Tereshchenko and Khlestkina, 
unpublished). 

4.1.2. Transcription of homoeologous genes in wheat 

In 70 - 99 % homoeologous gene series of allopolyploids, all homoeologues are 
reportedly co-expressed (Comai et al., 2000; Kashkush et al., 2002; Bottley et al., 
2006). Analysis of transcriptional level of individual gene copies showed that 
expression levels of co-expressed homoeologues can sometimes be equal (Morimoto et 
al., 2005; Shitsukawa et al., 2007; Khlestkina et al., 2008a) or vary (Nomura et al., 
2005; Appleford et al., 2006; Shitsukawa et al., 2007). However until recently the 
question remained as to whether, in an allopolyploid, the interaction between regulatory 
and target is genome-specific, or whether regulation cuts across genomes. To clarify 
this, relationships between structural genes and their homoeologous regulatory genes 
were studied using the Rc-F3h gene pair as a regulatory-target model (Khlestkina et al., 
2008a). It was shown that each dominant Re-I allele affects the expression of the three 
F3h-1 homoeologues equally, but the level of F3h expression was dependent on the 
identity of the dominant Re-I allele present. The lack of any genome-specific 
relationship between F3h-1 and Re-I implies an integrative evolutionary process among 
the three diploid genomes, following the formation of hexaploid wheat. Another 
conclusion made from this study was that the regulatory genes contribute more to the 
functional divergence between the wheat genomes than do the structural genes 
themselves (Khlestkina et al., 2008a). 

4.2. GENE REGULATION IN WHEAT-ALIEN HYBRIDS 

Alien germplasm keeps stirring interest as a source of genes useful for crop plant 
species. Novel phenotypes can be obtained using transgenic technologies or 
chromosome engineering approaches. Finely coordinated work of the FB genes of 
different species (Lloyd et al., 1992; Bradley et al., 1998; Ahmed et al., 2003; Butelli et 
al., 2008) or vice versa their inability to cooperate (Quattrocchio et al., 1998; Bovy et 
al., 2002} were shown by transgenic technologies. 

Alternatively to transgenic plants, a wide range of the wheat-alien hybrids provides 
an important tool to investigate_relationships between foreign regulatory and target 
genes. Using such wheat-rye chromosome substitution and addition lines, it was shown 
that the rye regulatory Re gene can activate the wheat target gene F3h and vice versa 
wheat Re induces expression of rye F3h. However, lower level of expression of rye F3h 
in comparison with that of the two wheat orthologues in the wheat-rye chromosome 
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substitution line 2R(2D) was observed (Khlestkina et al., 2009a). It was suggested that 
transcriptional dominance observed in the substitution line was a result of post
hybridization changing methylation patterns of rye F3h or was due to divergence 
between rye and wheat F3h cis-regulatory elements, which although did not prevent 
activation of rye F3h governed by the wheat Re gene, affected specifically expression 
level of the gene (Khlestkina, 2010). Analysis of wheat F3h transcription in wheat
Aegilops chromosome addition and substitution lines, wheat-rye chromosome addition 
line and wheat-barley chromosome substitution line demonstrated that each of the 
Aegilops, rye or barley Re genes is able to activate wheat F3h-J genes. However, the 
observed compensatory effect of the alien chromosomes was partial, and the bigger 
genetic distance between wheat and a donor species was, the lower transcriptional level 
of wheat F3h-l genes was observed (Khlestkina, 20 I 0). 

5. Conclusion 

Pigmentation traits formation in wheat is based on the functioning of the 
multicomponent gene system including the genes controlling biosynthesis of flavonoid 
pigments anthocyanins, proanthocyanidins and phlobaphenes in different plant organs 
and the genes encoding flavonoid biosynthesis enzymes (structural genes). The genes 
determining pigmentation of different organs are the tissue-specific regulatory genes 
activating transcription of the structural genes. During pigmentation traits formation in 
wheat, coordinated work of the regulatory and structural genes located in different 
diploid genomes composing allopolyploid wheat genome is observed. When some 
wheat components of this gene system are substituted by orthologous genes from 
Aegilops, rye or barley, the partial compensatory effect takes place. 
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Abstract: Thyroid carcinomas arising from follicular epithelial cells are the most 
common endocrine malignancy in man. During studies performed on the population of 
the Marshall-Islands and after the accident at the Chernobyl nuclear power plant in 1986 
a large increase in benign thyroid nodules and thyroid cancer, especially among children 
was shown. Thyroid follicular carcinomas are categorised into 3 histotypes: papillary, 
follicular, and undifferentiated (anaplastic). Papillary thyroid carcinomas are the 
predominant type of the thyroid cancer in patients exposed to external radiation, 
particularly in children. The classic oncogenic genetic alterations commonly seen in 
thyroid cancer include RET/PTC rearrangements, Ras point-mutations, PAX8-
peroxisome proliferator-activated receptor y (PPARg) fusion oncogene and BRAF 
mutation. For some families that share the FNMTC syndrome (familiar follicular 
nonmedullary thyroid carcinoma) a predisposition to thyroid tumors has been described. 
The genes responsible for FNMTC have been identified through linkage analyses of the 
affected families, TCO (thyroid tumors with cell oxyphilia), PRNl, and NHTCl.This 
study investigates gene changes in radiation induced follicular thyroid carcinoma. 
Following low dose exposure of the thyroid by off-targeted irradiation of the alpha
emitter 227Thorium, 5 cases of Follicular thyroid carcinomas (FTC) and 1 case of 
thyroid hyperplasia developed in a highly susceptible mouse strain. In such cases, 
Comparative Genomic Hybridization (CGH) for numerical changes was performed on 
the whole genome. Copy number loss affecting the entire chromosome 14 in three out 
of six cases was observed. A similar pattern of chromosome 14 deletions was already 
reported in thyroid tumours of other mouse strains following high-dose exposure or 
oncogene activation and therefore suggests that this deletion is not associated with 
genetic predisposition in different mouse strains to thyroid tumourigenesis 

Keywords: mice, radiation induced follicular thyroid carcinoma 
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1. Introduction 

1.1. EPIDEMIOLOGY 

Malignant late effects in the thyroid gland following irradiation currently attract 
much attention and have been widely investigated for various aspects. The first 
investigations were performed on the Marshall Islands population contaminated from 
nuclear-weapon test explosions (Takahashi et al. 1997). In this study, a clear increase of 
benign thyroid nodules was seen in all age classes exposed to the nuclear fallout 
(Takahashi et al. l 999a; Takahashi et al. l 999b ). However malignant thyroid 
carcinoma appeared mainly in patients that were exposed as children. 

Thyroid gland late effect studies showed great importance after the Chernobyl 
nuclear power plant accident in 1986 when a significant increase in the incidence of 
thyroid cancer among children in Ukraine and Belarus was observed. The regions 
affected by the fallout from the Chernobyl NPP accident were heavily contaminated 
with different radioisotopes, with 13 7Cs and 1311 being the most pronounced. The 
incidence of thyroid carcinomas in children in affected regions increased from less than 
1 per million to more than 80 per million. In this category of patients papillary thyroid 
carcinoma was the predominant type of thyroid cancer (Baverstock et al. 1992; 
Stsjazhko et al. 1995; Richter et al. 2004). The relative risk for thyroid cancer has been 
found to be significantly higher for patients who were exposed during childhood as 
compared to those exposed at an older age (Nikiforov et al. 1996). At present there still 
remains an increasing trend of thyroid malignancy among population in the 
aforementioned regions (Sumner 2007). 

Another study involved investigation of an Israeli population, mainly childhood, 
treated for tinea capitis in 1950 showed increase in long term relative risk of thyroid 
cancer formation (Sadetzki et al. 2006). Now a new study investigates population of 
Serbia that was also treated for tinea capitis with ionising radiation in 50th. Late health 
consequences can be expected in treated people (Shvarts S 2010). 

1.2. CLASSIFICATION OF THYROID TUMOURS 

On a global scale thyroid carcinomas are the most common endocrine neoplasm 
with an incidence of roughly 1 %. Approximately 95% of all thyroid tumours arise from 
thyroid follicular epithelial cells whereas 5% of thyroid tumours are medullar thyroid 
carcinomas of parafollicular C-cell origin. Thyroid follicular cells are responsible for 
iodide uptake and thyroid hormone synthesis. They may undergo neoplastic 
transformation into carcinoma of 3 histotypes: papillary, follicular, and undifferentiated 
(anaplastic ). 

Papillary thyroid carcinomas are the most common thyroid tumour in countries with 
sufficient iodine diet and comprise up to 80% of all thyroid malignancies. Follicular 
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thyroid carcinomas are more prevalent in regions with insufficient iodine intake and 
represent approximately 10-20% of all thyroid malignancies. Up to 7% of all thyroid 
tumours are represented by the familial form of nonmedullary thyroid carcinoma 
(FNMTC). FNMTC is defined by the presence of differentiated thyroid cancer of two or 
more first-degree relatives. Thus diagnosis of FNMTC may be reduced due to the 
presence of coexisting syndromes such as familial adenomatous polyposis (F AP) or 
Gardner's syndrome. In addition it is also difficult to specifically attribute malignancy 
to FNMTC when exposure to environmental factors such as ionising radiation is known 
to increase the risk of developing thyroid carcinomas (Fagin 1997; Pal et al. 2001; 
McKay et al. 2004; Sturgeon & Clark 2005). 

Anaplastic thyroid carcinomas are refractory to iodine uptake and characterised by a 
poor prognosis. Medullary carcinomas or C-cell carcinomas arise from calcitonin
secreting cells and in 20-25% are associated with inherited syndromes (multiple 
endocrine neoplasia) and familial medullary thyroid carcinomas. In the remaining 75% 
cases, medullary carcinomas are sporadic. 

1.3. GENE CHANGES IN THYROID CARCINOMAS 

The aetiology of most thyroid cancers is not clear. Some might develop as a late 
effect following exposure to ionising radiation. However mutations of DNA repair 
genes could also lead to gene rearrangements and development of the diseases. 

The classic oncogenic genetic alterations commonly seen in thyroid cancer include 
REI /PTC rearrangements ( cytogenetically detectable as an intra-chromosome 10 
translocation), Ras point-mutations, PAX8-peroxisome proliferator-activated receptor y 
(PP ARg) fusion oncogene and BRAF mutation. 

External radiation is a well-known exogenous agent that can cause thyroid 
carcinomas, specifically papillary thyroid carcinomas. The predominant molecular 
alteration in these tumours are chromosomal rearrangements affecting the RET proto
oncogene. This results in the synthesis of chimeric proteins, composed of the catalytic 
Tyrosine-Kinase domain of the REI proto-oncogene and variable C-terminal domain 
fusion to different genes. There are three major forms of rearrangement with 
RET/PTCl, RET/PTC2 and RET/PTC3 being the most frequent variants. RET/PTCl is 
most often found in patients who were exposed to external radiation. On the other hand, 
RET/PTC3 is most often found in papillary thyroid carcinomas that developed within 
the first decade after exposure to the Chernobyl accident fall-out. RET/PTC3 is often 
associated with a solid variant of papillary thyroid carcinoma, exhibiting a more 
aggressive clinical appearance while RET/PTCl does not. RET rearrangements are 
detected in 15-25% of papillary thyroid carcinomas (Komminoth 1997; Nikiforov et al. 
1997; Santoro et al. 2006; Lin et al. 2008). 

Follicular carcinomas are characterised by somatic rearrangements in the gene 
encoding the nuclear receptor PPARy (the peroxisome proliferator-activated receptor 
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gamma). PPARy rearrangements identify in approximately 25-30% of follicular 
carcinomas. PAXS-PPARy is a thyroid-specific mutation and one of the members of a 
family of PPARy rearrangements in follicular carcinomas (Farid 2004). 

Somatic point mutation in the BRAF gene has also been identified in thyroid cancer 
(Namba et al. 2003). BRAF gene produces the protein BRAF, which is involved in cell 
signalling and in cell growth. BRAF gene is located on chromosome 7 and a mutation 
that alerts valine 599 to glutamine acid (V559E) in the BRAF kinase domain has been 
identified in 35-45% of papillary thyroid (Xing 2005). 

Activation of Ras mutations are found in benign and malignant follicular neoplasms, 
and rarely in papillary thyroid carcinomas. Mutations in the Ras genes (H-Ras, K-Ras 
and N-Ras) arise from single base substitutions at codons 12, 13 or 61. These mutations 
have been found in 10-15% of all human cancers and in up to 50% of follicular thyroid 
malignancies (Fagin 2002). In addition the p53 tumour suppressor gene also appears to 
play a role in the genesis of anaplastic thyroid cancers (Fagin et al. 1993). 

A predisposition to thyroid tumors has been described for some families that share 
the FNMTC syndrome (familiar follicular nonmedullary thyroid carcinoma). The genes 
responsible for FNMTC have been identified through linkage analyses of the affected 
families, TCO (thyroid tumors with cell oxyphilia), PRNl, and NHTC 1 (Pal et al. 200 I; 
McKay et al. 2004). 

In addition to these point mutations and chromosomal translocations, little is known 
about the contribution of DNA copy number changes in thyroid cancerogenesis after 
radiation exposure. 

1.4. AIM OF THE STUDY 

To use an experimental animal model of radiation-induced thyroid carcinoma in a 
genome-wide screen of DNA alteration using array CGH. Comparison of gene 
alteration in the genome of mouse strains with different sensitivity to irradiation after 
induction of the thyroid tumours. 

2. Material and Methods 

2.1. TISSUES AND GENOMIC DNA EXTRACTION 

Follicular thyroid carcinomas (FTC) for CGH studies developed in FVB/N mice 
following low-dose exposure to the thyroid by off-targeted radiation of bone-seeking 
alpha-emitter 227Th. Following necroscopy, they were fixed in 5% formalin, embedded 
in paraffin and histologically analysed in the Institute for Pathology (Figure 1 ). DNA 
from those tumours were extracted using the Qiagen DNAease kit (Qiagen Inc). Case, 
diagnosis and sex of mice are shown in Table 1. 
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Reference DNA from mice tails was obtained by digestion of a tail tip in a 750 µI of 
lysis buffer overnight. The buffer was composed of 50mM Tris, pH 8 1 OOmM ethylene 
diaminotetraacetic acid (EDTA), 1 OOmM NaCl and 1 % sodium dodecyl sulfate (SOS) 
with 0.5mg/ml proteinase K at 55°C. After adding to the mixture 250 µl of 6M NaCl 
and centrifuging for 10 min at 1 OOOOrpm, supernatant was transferred to a fresh tube 
and DNA precipitated by adding one volume of isopropanol. DNA was pelleted, 
washed twice for 15 minutes with 75% ethanol, air-dried, and resuspended in 200 µI of 
H10 (Ampuwa). 

Table I. Case, diagnosis and sex of mice 

Case 

number 

032 

457 

909 

910 

1026 

1375 

Tissue Diagnosis 

Thyroid gland FTC 

Thyroid gland FTC 

Thyroid gland FTC 

Thyroid gland FTC 

Thyroid gland FTC 

Thyroid gland FTC 

Sex 

male 

male 

male 

female 

male 

male 

2.2. WHOLE GENOME AMPLIFICATION 

Figure 1. FTC developed in mouse 
of FVB/N mouse strain exposed to 
Th-227 

Whole genome amplification of the thyroid tumor DNA was done using 
GenomPlex® Complex Whole Genome Amplification (WGA) kit (Sigma) following 
the protocol of the manufacturer. The quality of the WGA DNA was than qualitatively 
determined by loading 10µ1 of the amplified DNA onto 1.5% agarose gel. 

2.3. COMPARATIVE GENOMIC HYBRIDIZATION (CGH) ON BAC ARRAYS 

CGH is a technique that can identify and map DNA copy number changes in 
tumours relative to a normal tissue in a single hybridisation experiment (Ried et al. 
1997). 1 Mb CGH arrays containing approximately 3000 BAC probes that cover the 
entire genome (Codelink DNA array slides). For each experiment, 450 ng of either 
female or male reference DNA and 450 ng of tumour DNA were labelled with Gy3-
dCTP and Cy5-dCTP (Perkin Elmer Life Science), respectively, in a random-primed 
labelling reaction. Fluorescent labelled tumour and reference DNA of the opposite sex 
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were co-hybridised with a presence of mouse cot-I DNA, (to block repet1t1ve 
sequences) washed and dried in an automated TECAN HS400 hybridisation station. Co
hybridization was performed 'sex-mismatch', meaning that male tumour DNA was 
hybridized with female reference DNA and opposite and the expected difference in 
number of X-chromosomes could serve as an internal control for the experiment. The 
slides were scanned with a TECAN Laser Scanner and the red-to-green intensity ratio 
determined for each BAC clone with an array analysis software (GenePix Pro 6.0, Axon 
Laboratories) (Figure 2). 

Figure 2. Scan of the I Mb CGH array slide with measured intensity 
ration for each BAC clone. All BAC clones are repeated in 
quadruplets. Green channel: Tumour DNA; Red channel: reference 
DNA 

For every single BAC clone on the array, a shift in the intensity ratios of the tumour 
DNA fluorescence signal to the reference DNA fluorescence signal is indicative of 
DNA copy number changes in the tumour sample. For all genomic regions where the 
tumour DNA carries the normal two copies, the related BACs on the array show an 
equal intensity of green (i.e. tumour DNA) and red (i.e. reference DNA) fluorescence 
intensity. In case of a region of chromosome or genes being lost or deleted, the tumour 
DNA hybridizes less intense and hence causing an overall colour-shift to red. In 
contrary, if the tumour cells acquired a DNA-copy number in a certain genomic region, 
this would result in an increased hybridisation signal of the tumour DNA onto the 
related BAC clone, equivalent to a colour-shift towards green. 

Further analysis of the data was performed with CAPweb array CGH evaluation 
platform, which was accessible via Internet server. 
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3. Results 

3.1. ARRAY CGH ANALYSES 

In three out of six cases (032, 910 and 1026) a deletion of the entire chromosome 14 
was observed. In addition, case number 910 also suggested a deletion of the whole 
chromosome 7. The remaining three cases (457, 909 and 1375) did not show significant 
chromosome copy number changes. The total number of BAC spots showing a useful 
hybridisation signal varied between 75% and 97%. The expected 'sex-mismatch'-signal 
could be observed only in case numbers 032, 457 and 910, whereas cases 909, 1026 and 
1375 failed to pass this qualitative quality parameter. For case 1026 a 'sex-mismatch'
signal could be found in a repeated experiment after using whole-genome 
preamplification where deletion of the chromosome 14 was confirmed. This Control 

hybridisation produced 53% detectable BAC clones. All cases exhibit significant noise, 
which probably masked the detection of smaller regions of copy number changes on 
other chromosomes. One of the reasons that could lead to the appearance of huge noise 
and loss of a number of BAC clones could be that DNA samples consisted of small 
DNA fragments (partially degraded DNA). A PCR reaction with different sets of 
primers was performed to determine the length-range of DNA fragments presented in 
investigated samples. The results in Figure 3 clearly demonstrate that DNA samples do 
not contain fragments much longer than -200bp. All array CGH profiles are shown in 
Figure 4. 

Control 
DNA Tumour DNA 

a 

Control 
DNA Tumour DNA 

b 

Control 
DNA Tumour DNA 

c 

Figure 3. Gel-electrophoresis of PCR products: (a) show fragments of 180bp range; (b) show fragments of 530bp range; 
(c) shows fragments of 650bp range. Tumours DNA were loaded with next order of cases 457, 909, 910, 1026 and 032 
respectively. 
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Figure 4. Result of array CGH analysis. Numbers along abscissa relate to chromosome, from left to right is the distance 
from p-arrn telomere to q-arrn telomere. Numbers on the ordinate axis give relative copy number changes in tumour 
DNA as a logarithm to base 2. From top to bottom case 032, 457, 909, 910, 1026 and 1375. Each single point represents 
hybridisation of tumour DNA relative to normal DNA on one distinct genomic BAC probe. Dots in black are classified 
as unchanged in tumours copy numbers, dots in red classified as reduced copy numbers and dots in green as increase in 
copy numbers. BAC clones taken into squares are outliers. 

4. Discussion 

This study aimed to investigate gene changes in radiation induced follicular thyroid 
carcinoma. CGH was performed for numerical changes within the whole genome in 5 
cases of follicular thyroid carcinomas and I case of thyroid hyperplasia that developed 
following low dose exposure of the thyroid by off-targeted radiation of the alpha
emitter 227Th in strain FVB/N. Using array CGH we could show deletions of the entire 
chromosome 14 in 3 out of 6 cases. Despite the fact that DNA obtained from formalin 
fixed paraffin embedded tissue was not of high quality and one case failed to show 
internal control signal, after performing whole genome amplification, deletion of 
chromosome I 4 in that particular case was confirmed. These observations correspond to 
data from recent studies where follicular thyroid carcinomas were induced by 131 1 m 
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backcrossed mice (G.Holzwimmer, GSF Pathology) (GC 2007). Therein, 5% of mice 
(FI-hybrids and backcrosses of C3H/He and C57BL/6), treated with reJatively high 
doses of 1311 (activity 111 kBq), developed follicular thyroid carcinomas after exposure. 
In 3 8% of these tumours deletion of the chromosome 14 was also observed. Moreover 
in 75% cases of the irradiated mice G. Holzwimmer detected loss of heterozygosity 
(LOH) on chromosome 14. Because injection of the alpha-emitter 227Th used in the 
present study targets predominately the mouse skeleton, the gamma-dose from 227Th 
daughter products (mainly 233Ra) that could expose the thyroid gland must be estimated 
to be low (personal communication Dr. M.Rosemann). The observation that follicular 
thyroid carcinoma in both high doses 1311 treated C3H x C57BL/6 mice and low dose 
227Th treated FVB/N mice share the same histological type and the same molecular 
alteration implies that the congenital predisposition of FVB/N mice is caused by very 
early steps of the carcinogenic process of thyrocytes. In contrast, both the gross
histomorphology of a tumour as well as large chromosomal alterations are probably 
determined in the later steps of the malignant progression. The observation in recent 
studies suggests that there is no correlation between deletion of chromosome 14 and 
genetic predisposition in different mouse strains to thyroid tumourigenesis. 

5. Summary 

Our observations suggest that congenital predisposition of FVB/N mice is caused by 
very early steps of the malignant transformation of thyrocytes, without any association 
to deletion of chromosome 14 in tumours itself. 
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Abstract- The CDK family of enzymes is required for the G1-to-S-phase and Grto-M
phase transitions during the cell-division cycle of eukaryotes. In addition, such process 
as checkpoint-control and repair are also regulated by phosphorylation of CDK. In the 
budding yeast, Saccharomyces cerevisiae, the CDK/CDC28 kinase is the best studied. 
In this review the molecular mechanisms of CDC28 functioning will be considered. 

Keywords: protein kinase CDC28; yeast Saccharomyces cerevisiae; cell cycle regulation; repair, 
checkpoint 

Abbreviations: CDKs, cyclin-dependent kinases; CDC, cell division cycle; APC/C, anaphase 
promoting complex/cyclosome; IR, ionizing radiation, HU, hydroxyurea; HR, homology 
recombination; NHEJ, non-homology end joining 

1. Introduction 

Cell cycle dependent kinases (CDKs) play a central role in cell cycle regulation 
(Mendenhall and Hodge, 1998). There are 7 CDK and 8 cyclins in the human and one 
central CDKI/CDC28 and 7 cyclins in budding yeast. CDKs are highly homologous 
(40-75 % similarity among hCDKI through hCDK7 and 62 % for hCDK2 and 
yCDC28). At present time it is possible a 3MD computer simulation of kinase complex 
which facilitates understanding of interactions between the kinase subunit, cyclin, 
substrate, and regulator proteins at kinase complexes in the wild type and mutant forms 
(Kholmurodov and Koltovaya, 2009). Yeast CDC28 is an excellent model for studying 
CDK regulation and their role in cell division and genetic tolerance. CDC28 is active 
and required during all phases of the cell cycle. Lesions of CDC28 functioning have 
pleiotropic manifestations: for example the cdc28-srm mutation decreases the mitotic 
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stability of the native chromosomes and recombinant circular mini-chromosomes, 
increases cell sensitivity to damaging agents, and fails the cell cycle arrest in G0/S, 
G1/S, S/G2, G2/M (Devin et al., 1990; Koltovaya et al., 1998; Kadyshevskaia and 
Koltovaia, 2009). It seems likely that in budding yeast CDC28 mediates cellular 
response induced by DNA damage including checkpoint control and repair. The well 
known checkpoint genes RAD9, RADJ 7, RAD24, and RAD53 have been found to 
belong to one epistasis group called the RAD9-group as regards cell sensitivity to y
radiation (Koltovaia et al., 2008a). An analysis of the radiosensitivity of double mutants 
has reveled that the mutation cdc28-srm is hypostatic to each of the checkpoint 
mutations rad9iJ and rad24iJ, and additive to rad17iJ and rad53 (Koltovaia et al., 
2008b). Thus epistatic interactions have demonstrated CDC28 belongs to this epistasis 
group and a branching RAD9-dependent pathway. CDC28 can also participate in a 
minor mechanism involved in determining cell radiation sensitivity independently of the 
mentioned RAD9-dependent pathway. 

In the human, CDK have proto-oncogenic properties. Failure to arrest the cell cycle 
in CDK mutant contributes to cancer development and may cause resistance to standard 
treatments. Major advances in the understanding of cell cycle regulation mechanisms 
provided a better knowledge of the molecular interactions involved in human cancer. 
This progress has led to the promotion of new therapeutic agents. 

Moreover, the components of the cell cycle progression are probably involved in 
other non-cancerous diseases (for example, mitochondrial diseases) and their role must 
be defined. In yeast, CDC28 influences the mitochondrial genome stability (Devin et 
al., 1990). In undisturbed yeast cells, CDC28 was required for a high frequency of 
mitochondrial rho- mutations. The effects of the cdc28-srm mutation on spontaneous 
and induced rho- mutability seem to be opposite to its effect on the rate of the loss of 
natural chromosomes and recombinant plasmids. However, the raised mitotic stability 
(compared to the normal level) of the mitochondrial genome in cdc28-srm cells may in 
fact reflect a relative decrease in the stability of the mitochondrial rho- plasmids which 
presumably form upon the recombination of the so-called excision sequences and 
replace the normal mitochondrial DNA in the course of rho- mutagenesis. Molecular 
mechanisms of CDC28 participation in cell tolerance were considered - in particular the 
hypothesis that links genetic stability in yeast to changes in the chromatin and 
mitochondrial genome organization dependent on the gene CDC28. 

Although protein kinase activity of Cdc28p is under multiple, complex controls, the 
protein product is stable and naturally occurs in excess. Transcriptional and translational 
regulation of Cdc28p has not been considered important. There have been many 
excellent reviews of how CDC28 activity is generated and regulated (Mendenhall and 
Hodge, 1998; Viallard et al., 2001 ). There is one important aspect in studying of yeast 
kinase CDC28. Kinase is essential, operates during all cell cycle and has numerous 
substrates (-600). The choice of cdc28 mutants is very important, because mutations 
may disturb limited (not all) number of processes. Now we know mutants blocking 
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these or those processes. From this point of view the mutation obtained by us (cdc28-
srm) is very interesting and perspective. 

Because of a limited volume of article let us consider some of the mentioned 
problems. 

2. Regulation of cell cycle by CDC28 

The kinases catalyze the transfer of y-phosphate in adenosine triphosphate (ATP) to 
a protein substrate. The eukaryotic cycle is coordinated by several related Ser/Thr 
protein kinases (specifically phosphorylate Ser or Thr in protein substrates), each 
consisting of a catalytic cyclin-dependent kinase (CDK) subunit and a regulatory cyclin 
subunit. During each phase of the cell cycle, Cdks form a complex with specific cyclins 
that activate Cdks and help target them to their substrates (Bloom and Cross, 2007). 
Waves of CDK activity drive events of the cell cycle through phosphorylation of key 
substrates. To accomplish these waves of activity, CDK associates with different 
regulators throughout the cell cycle. The expression of several of these regulators is 
periodic which serves to limit their window of action to the proper time in the cell 
cycle. The transient appearance of these cyclin-CDK complexes drives cell cycle events 
such as cell growth (CDK4/cyclin D and CDK6/cyclin D in G1), DNA replication 
(CDK2/ cyclin E in G1/S and CDK2/cyclin A in S) and cell division (CDKl/cyclin A 
and CDK 1/cyclin B in G2 and M) in human. 

The budding yeast Saccharomyces cerevisiae is a suitable eukaryotic model and 
possesses five CDKs (CDC28, Pho85, Kin28, Ssn3, and Ctkl). The best studied CDC28 
is the central coordinator of the major events of the yeast cell division cycle. The first 
wave of CDK activity occurs when Cdc28p associates with G1 cyclins and small protein 
Cksl. The G1 cyclins are Clnlp, Cln2p, and Cln3p. Cdc28p/Cln3p activity is required 
for setting the size threshold at which cells pass through START (commitment to 
duplication and division). Once committed Cdc28p/Cln3p inactivates a repressor of G1 

transcription, Whi5p, which in tum leads to active SBF (Swi4p-Swi6p) and MBF 
(Mbplp-Swi6p), transcription factors that promote transcription of CLNJ, CLN2, and 
genes required for S-phase. Cini p and Cln2p are important for initiating polarized 
growth at the site of bud emergence, promoting spindle pole body (SPB) duplication 
and inhibiting Siclp and Cdhlp, two CDK inhibitors. During G1, Siclp binds and 
inhibits the growing pool of Cdc28p/B-type cyclin complexes. Towards the end of Gi, 
Cdc28p/Clnlp and Cdc28p/Cln2p complexes phosphorylate Siclp and target it for 
degradation. The absence of Sic 1 p allows a wave of CDK/B-cyclin activity that drives 
DNA replication and entry into mitosis. 

The initiation of DNA replication is regulated by three protein kinase classes: 
cyclin-dependent kinases (CDK), Dbf4p-dependent kinase (DDK) and the DNA 
damage checkpoint kinases. CDK phosphorylation of two key initiation factors, Sld2p 
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and Sld3p, promotes essential interactions with Dpbl Ip, whereas DDK acts by 
phosphorylating subunits of the Mcm2-7p helicase (Zegerman and Diffley, 2010). CDK 
has an additional role in replication by preventing the re-loading of Mcm2-7p during the 
S, G2 and M phases, thus preventing origin re-firing and re-replication. During the G1 

phase, both CDK and DDK are down regulated, which allow origin licensing and 
prevents premature replication initiation. 

B-type cyclins CLBI, CLB2, CLB3, CLB4, CLBS, and CLB6 regulate Cdc28p 
during S, G2, and M phases. Cdc28p association with CLBS and CLB6 drives DNA 
replication. B-type CDKs target two origin recognition complex (ORC) subunits, Orc2p 
and Orc6p, to inhibit helicase loading (Chen and Bell, 2011). Helicase loading by ORC 
is inhibited by two distinct CDK-dependent mechanisms. Independent of 
phosphorylation, binding of CDK to an "RXL" cyclin-binding motif in Orc6p sterically 
reduces the initial recruitment of the Cdtl p/Mcm2-7p complex to ORC. CDK 
phosphorylation of Orc2p and Orc6p inhibits the same step in helicase loading. CDK 
phosphorylation specifically blocks one of the two Cdtlp-binding sites on Orc6p. 
Consistent with the inactivation of one Cdtl p-binding site preventing helicase loading, 
CDK phosphorylation of ORC causes a reduction of initial Cdtlp/Mcm2-7p recruitment 
but results in nearly complete inhibition of Mcm2-7p loading. In addition to being a 
target of both CDK inhibitory mechanisms, the Orc6p RXL/cyclin-binding motif plays 
a positive role in the initial recruitment of Cdtl p/Mcm2-7p to the origin, suggesting that 
this motif is critical for the switch between active and inhibited ORC function at the G1-

to-S-phase transition. 
Association with Clb3p, Clb4p, and Clb5p promotes maturation and separation of 

spindle pole bodies, and proper spindle segregation while Cdc28p association with 
Clb2p (and to some extent Clblp, Clb3p, and Clb4p) promotes entry into mitosis and 
triggers a switch in bud growth from polarized to isotropic. The metaphase to anaphase 
transition occurs when securin (Pds Ip), an inhibitor of DNA segregation is destroyed by 
the proteosome. Mitotic CDK activity is required to target Pds 1 p for degradation by 
directly phosphory lating Pds Ip and activating the anaphase promoting 
complex/cyclosome (APC/Ccdcio) by phosphorylating the regulatory subunit Cdc20. 
Once DNA is segregated, exit from mitosis (spindle disassembly, cytokinesis and 
transition to the next G1) requires that mitotic CDK activity be turned off. This is 
accomplished by degradation of mitotic cyclins and inhibition of remaining mitotic 
activity by Sic Ip. In the absence of mitotic CDK activity, G1-cyclins can once again 
accumulate. 

3. Role of CDC28 in checkpoints 

The cyclin-dependent kinase CDC28 is an attractive target for the G1 and G2 

checkpoints, as it is involved in the regulation of the cell cycle progression and is 
necessary for DNA replication and mitosis (Mendenhall and Hodge, 1998). However, 
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the mechanism of CDC28 inactivation and involvement in the regulation of the 
checkpoints is not yet clear. 

We demonstrated importance of CDC28 in G1/S arrest (Kadyshevskaia and 
Koltovaia, 2009). In early G1, the kinases CDC28/CLNl,2 activate the Swi6/Mbpl 
factor of the transcription of the CLBS and CLB6 cyclins involved in the assembly of a 
prereplicative complex (phosphorylating Cdc6p, Ore and Mcm proteins) and DNA 
replication genes. 

DNA damages activate the kinase Rad53, which phosphorylates and inactivates the 
Swi6 coactivator of transcription of the G1-cyclins (Sidorova et al., 2003). 
Hyperexpression of cyclins suppresses the checkpoint defect. Mutations of the catalytic 
subunit also abrogate the cell cycle arrest. We observed a decrease in the cell cycle 
delay in Go or G1 upon UV light irradiation in the cdc28-srm mutant, but the activity of 
the kinase complexes in the cdc28-srm mutant was not studied (Kadyshevskaia and 
Koltovaia, 2009). However enlarge form of cells points out to a probably alteration of 
kinase activity associated with CLN3 which mediates cell size control. For mutation 
cdc28-5M was shown not only effect on the arrest caused by UV-induced damage but 
also a decrease of kinase activity, including that associated with CLBS and CLB6 (Li 
and Cai, 1997). Failure of both checkpoint activation and homologous recombination 
(HR) in G1-arrested cdc28-asl cells after induction of a homothallics switching HO 
endonuclease break was shown by Ira et al. (2004). It can be assumed that the G1 

checkpoint controls the activity of some of kinase complexes by regulating cyclin 
transcription. The inhibition of cyclin transcription or the mutations of the catalytic 
subunit decreasing affinity to G1-cyclins inactivate the G1 checkpoint. MD-simulation of 
cdc-srm kinase structure show shift of PST AIRE loop which modulate cycline 
interaction (Koltovaya and Kcholmurodov, 2010). 

The involvement of CDC28 in the S and intra-S checkpoints was not revealed. The 
mutations cdc28-srm (Kadyshevskaia and Koltovaia, 2009), cdc28-5M (Li and Cai, 
1997), and cdc28-Y19F (Sorger and Murray, 1992), or the inhibition of CDC28 kinase 
activity (Sorger and Murray, 1992) had no influence on the S checkpoint but some 
effects of cdc28-srm, cdc28-5M and cdc28-asl on HU-sensitivity observed by us and 
Enserink et al. (2009). HU inhibits DNA replication by depleting cells of dNTP 
precursors, presumably by inhibiting ribonucleotide reductase, and causes wild-type 
cells to checkpoint-dependent arrest cell division in the phase S (Allen et al., 1994). The 
cdc28-srm mutation also influences the checkpoint-dependent arrest of the replicative 
cdc6-1 and cdc9-1 mutants in the late S/G2 and G2 respectively (Kadyshevskaia and 
Koltovaia, 2009). Moreover, cdc28-srm increased the frequency of conversion, 
crossing-over and chromosome loss (Koltovaya et al., 1998; Devin et al., 1990). It is 
known that defects in the replicative S checkpoint and in the intra-S checkpoint, rather 
than in the G1 or G2 checkpoints, cause an increase in the level of spontaneous 
rearrangements in the genome (Muyng et al., 2001 ). It is possible that the influence of 
CDC28 on the checkpoint in the phase S is not yet determined. 
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Wild type cells had recovered after 40 min from arrest for 3 h with HU and 
completed bulk DNA synthesis as showed FACS analysis (Enserink et al., 2009). The 
cdc28-5M mutant also completed DNA synthesis after 40 min but exited from M phase 
slower than wild type cells. A portion of cdc28-5M mutants with sub-01 DNA content 
induced by HU and accumulated, indicating a certain degree of mitotic catastrophe, 
which is consistent with a study implicating Cdc28p in prevention of mitotic 
catastrophe (Kitazono and Kron, 2002). Therefore, although Cdc28p is important for 
cell survival it does not appear to have a major role in either the activation or down
regulation of DNA damage or S checkpoint. 

Recovery from checkpoint is down-regulated by the phosphatases Ptc2,3 and Pph3 
that dephosphorylate Rad53p (Leroy et al., 2003; O'Neil et al., 2007). In wild type cells 
Rad53p was largely dephosphorylated 1 h after release from HU arrest and almost 
completely dephosphorylated 2 h after release, indicating down-regulation of the 
checkpoint. The degree of Rad53 dephosphorylation in cdc28-asl mutants was identical 
to that of wild type cells, indicating that CDC28 is not required for turning off the 
checkpoint (Enserink et al., 2009). 

More directly determination of kinase functions showed that Cdc28p was not effect 
on checkpoint activation in S phase. Synchronization cdc28-as 1 cells in S phase did not 
reveal more sensitivity to killing by HU or MMS and was not essential for the 
formation of Ddc2p foci (Enserink et al., 2009). Ddc2p functions in the initiation of 
DNA damage checkpoint activation by mediating the interaction between Mee 1 p and 
PCNA-like Rad17p-Ddclp-Mec3p clamp (Majka et al., 2006). It agrees with findings 
that Cdc28p by itself is not essential for Rad53p activation (Barlow et al., 2008). But 
although the frequency of Ddc2p focus formation was not affected by Cdc28p activity, 
the intensity of Ddc2p foci was lower in 1-NM-PPl-treated cdc28-asl mutants. 
However MMS- (Enserink et al., 2009) and 4-nitroquinoline 1-oxide- (Ira et al., 2004) 
induced Rad53p activation is independent of Cdc28p, phleomycin-induced Rad53p 
phosphorylation was partially reduced in 1-NM-PPl-treated cdc28-asl mutants 
(Enserink et al., 2009), indicating that checkpoint activation by phleomycin-induced 
DNA damage may be partially dependent on Cdc28p. 

Origin firing is inhibited during the S phase when DNA damage or replication fork 
stalling activates the checkpoint kinases. Analogous to the situation in the 0 1 phase, the 
checkpoint kinase Rad53 inhibits both CDK- and DOK-dependent pathways, which acts 
redundantly to block further origin firing (Zegerman and Diffley, 2010). Rad53p acts on 
DOK directly by phosphorylating Dbf4p, whereas the CDK pathway is blocked by 
Rad53p-mediated phosphorylation of the downstream CDK substrate, Sld3p. This 
allows CDK to remain active during the S phase in the presence of DNA damage, which 
is crucial to prevent re-loading of Mcm2-7p onto origins that have already fired. These 
results explain how checkpoints regulate origin firing and demonstrate that the slowing 
of S phase by the 'intra-S checkpoint' is primarily due to the inhibition of origin firing. 
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The relative lack of importance of the intra S-phase checkpoint for survival of DNA 
damage (Kumar and Huberman, 2004) does not mean that the checkpoint is not 
important for the preservation of genome stability. Indeed, reduction of genome 
stability (in contrast to reduction of viability) may account for the correlation between 
loss of the intra S-phase checkpoint and cancer in human (Petrini, 2000). 

CDC28 is involved in the arrest in the phase G2• There is a cell wall integrity 
checkpoint (Suzuki et al., 2004). Cell cycle arrest in G2 is reportedly due to inhibition of 
Clb2p induction and requires components of the dynactin complex. Bud emergence 
required a stable polarization of the actine cytoskeleton beginning at the end of G1 and 
its control by cyclins CLNI,2. Phosphorylation of Y19-CDC28 by the kinase Swel was 
removed by the phosphatase Mih 1 causing an increase in kinase activity in G2• In the 
case of bud emergence disruption, phosphorylation of YI 9 is critical for the 
morphological checkpoint, which delays nuclear division in G2 and prevents occurrence 
of binuclear cells. A delay of nuclear division is completely eliminated by cdc28-Y 19F 
preventing tyrosine phosphorylation or by over expression of MIHJ (Sorger and 
Murray, 1992). Thus, the direct targets of the morphological checkpoint are the kinase 
Swel and phosphatase Mihl. However, this mechanism does not function in the case of 
the spindle body checkpoint (Lew and Burke, 2003) or DNA damage-inducible 
checkpoint (Chen and Sanchez, 2004), which also induces an arrest in G2. 

Mitosis in budding yeast is regulated at several points. The spindle assembly is 
controlled in G1 soon after the START, and the mitotic segregation of chromosomes is 
controlled later in the metaphase/anaphase; in addition, the exit from mitosis is also 
controlled. Different stages of mitosis are orchestrated by two or more complexes of 
CDC28 with B-cyclin. Some of these forms (CDC28/CLB3 and CDC28/CLB4) are 
required for the initiation of mitosis and for the formation of the mitotic spindle, and 
other forms (CDC28/CLB 1 and CDC28/CLB2) are necessary for the exit from mitosis 
and for the completion of the cell cycle. 

Mitotic catastrophe of cdc28csr mutants at non-permissive temperature allow to 
suggests requiring Cdc28 function in mitotic progression per se from an essential 
mitotic surveillance function. Cdc28 may participate actively in regulating the order and 
completion of mitotic events such as bipolar kinetochore attachment, separation of sister 
chromatids, and/or spindle elongation. An alternative mechanism is a substrate-specific 
defect. For example, deregulation of the anaphase-promoting complex by loss of 
subunit phosphorylation might affect the dependence and kinetics of anaphase (Rudner 
and Murray, 2000). 

For transition metaphase/anaphase degradation of the inhibitor of the separation of 
sister chromatids, sec urine Pds 1, are required. The mitotic form of the kinase CDC28 
takes part in the activation of the proteasome APC/Ccdc2o by phosphorylating the 
regulatory subunit Cdc20 and following the ubiquitin-dependent degradation of the 
anaphase inhibitor Pdsl and the cyclins CLB5 and CLB3. The DNA damage checkpoint 
causes a delay in mitosis through the inhibition of Pds Ip ubiquitinization due to 
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phosphorylation of securine by CDC28 (Sanchez et al., 1999). Phosphorylated securine 
Pdsl mediates binding and nuclear localization of separase Espl (Agarwal and Cohen
Fix, 2002) which cleave one of the subunits of the cohesine complex (Med 1p/Scc1 p) 
responsible for the cohesion of chromatids. The second pathway includes the Rad53p
dependent phosphorylation of Cdc20p that inhibits the interaction between the Cdc20p 
and Pdslp (Agarwal et al., 2003) and also mediates the inducible phosphorylation of the 
subunit of the cohesine complex Seel (Sidorova and Breeden, 2003). 

The exit from mitosis is associated with the inactivation of CDC28/CLB2. With the 
arrest of the cell cycle in the 0 2/M, the kinase Rad53 maintains the high activity of 
CDC28 through the inhibition of the kinase CdcS involved in the degradation of eye I ins 
and the exit from mitosis (Sanchez et al., 1999). 

CDC28 is required for checkpoint activation and HR after induction of HO 
endonuclease break during the 0 2 phase of the cell cycle (Ira et al., 2004). In our 
experiments with cdc28-srm, no defects in the DNA damage-induced G2 checkpoint and 
replication block (HU) were detected, but disturbances in the Grarrest were observed in 
the replicative cdc6 and cdc9 mutants at nonpermissive temperature. However, using 
the cdc28-as 1 [F88G] mutation was shown that CDC28 is required for activation by a 
double-strand DNA break of Meclp-dependent arrest in 0 2 (Ira et al., 2004). Moreover, 
in the mutant cdc28-M abrogating cell cycle arrest induced by DNA-damage a decrease 
of the CLB2-associated kinase activity required for the exit from mitosis is observed (Li 
and Cai, 1997). Thus, the different mutant kinase subunit alleles evoke different 
consequences of the dysfunction of CDC28 and phenotypic properties. It is very 
interesting to study the specificity of kinase structural rearrangements and their 
functional role. 

4. Participation of CDC28 in repair 

Checkpoint genes participate not only in checkpoints but in repair too. It is known 
that mutations rad9L1, rad17L1, and rad24L1 decrease the efficacy of NHEJ (de la Torre
Ruiz and Lowndes, 2000), rad53 - NHEJ (de la Torre-Ruiz and Lowndes, 2000) and 
HR (Glaser et al., 1990), cdc28 - HR (Koltovaya et al., 1998), NHEJ (Ira et al., 2004), 
and BIR (Tamburini and Tyler, 2005). We have investigated the interactions between 
checkpoint genes in the determination of sensitivity to ionizing radiation of diploid 
strains (Koltovaya et al., 2008a). CDC28 gene belongs to a single, though branched, 
RAD9 epistasis group; for instance, kinases RAD53 and CDC28 are attributed to 
different branches of the RAD9-dependent pathway. Mutation cdc28-srm is epistatic to 
rad24L1, the others analyzed interactions are additive. CDC28 does not belong to the 
RAD6 and RAD52 epistasis groups mediating the repair of a major portion of DNA 
radiation lesions via post-replication repair and HR. 
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Our results confirmed by results of Enserink et al. (2009). Authors conclude that 
Cdc28p functions in a genetic network that supports cell viability during DNA damage. 
Analyzing haploid strains they find genetic interaction of mutation cdc28-asl with 
rad52, rad53 and absence of interaction with radl 7 Li and rad24L1. CDC28 also showed 
strong genetic interactions with components of the post-replication repair pathway, 
particularly RAD6 (Enserink et al., 2009). CDC28 genetically interacts with a wide 
range of pathways involved in genome stability (HR, sister chromatid cohesion, DNA 
replication and DNA damage checkpoint, spindle checkpoint, mitotic exit networks and 
chromatin remodeling), thus underscoring the importance of Cdc28p in this process but 
mechanisms are not completely understood. 

DSBs are repaired by two participial mechanisms: NHEJ and HR. HR is the most 
accurate DSB repair mechanism but is generally restricted to the S and G2 phases of the 
cell cycle, when DNA has been replicated and a sister chromatids are available as a 
repair template. By contrast, NHEJ operates throughout the cell cycle but assumes most 
importance in G1• The choice between repair pathways is governed by CDKs (Aylon et 
al., 2004; Caspari et al., 2002; Ira et al., 2004; Esashi et al., 2005), with a major site of 
control being at the level of DSB resection, an event that is necessary for HR but not 
NHEJ, and which take place most effectively in Sand G2• To initiate HR one strand of 
the broken DNA duplex is resected in the 5'-+3' direction generating ssDNA, that can 
anneal with a homologous DNA duplex. In S. cerevisiae effective resection and HR 
require sustained Cdc28/Clb (Cdkl/cyclin B) kinase activity (Aylon et al., 2004; 
Caspari et al., 2002; Ira et al., 2004). The cell cycle control of DSB resection results 
from the phosphorylation by CDK of an evolutionary conserved motif in a DNA 
endonuclease Sae2 (Huertas et al., 2008). Sae2p is targeted by the Mecl and Tell 
kinases in response to DNA damage. Mre 11 p is recruited quickly to DSB sites, and then 
replaced by the HR protein Rad52 as ssDNA is formed in S and G2 cells. 

Cdc28/Cdk I -mediated Sae2p phosphory lation modulates the balance between NHEJ 
and HR during the cell cycle. The commitment to DSB resection is highly regulated to 
ensure that the cell engages the most appropriate DNA repair pathway, thereby 
optimizing genome stability. Endonuclease Sae2 with_ the MRE complex facilitates 
resection in S/G2 by mediating an endonucleolytic cleavage close to the DNA brake, 
thus generating a clean end that can serve as an efficient substrate for nuclease such as 
MRX and Exo 1 p. Sae2p activity might be particularly important to initiate resection at 
DSBs that contain covalently bound proteins that would otherwise resist exonuclease 
action. Sae2p might also initiate resection at radiation induced DSBs that are resistant to 
exonuclease because they bear protein-DNA crosslinks or complex damage to bases at 
their termini. By contrast, at sites of clean DSBs, SAE2 deletion would only slow down 
resection and ensuing HR, thus explaining why sae2 mutants are not as sensitive to 
radiation as other HR mutants. 

The study of the role of the CDC28 in checkpoints and repair arouses great interest 
and should be continued. 
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DE NOVO MUTATIONS IN Y-CHROMOSOME STR LOCI REVEALED IN 

PATERNAL LINEAGES OF SIBERIAN TUNDRA NENTSI POPULATION• 
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Abstract. Y-chromosome short tandem repeats (STR) markers are widely used in human 
population genetic studies and forensic applications. Estimation of Y-STR mutation rate 
has a key role for dating the origin of Y chromosome lineages and for paternity tests. 
Previous studies demonstrated significant interlocus difference in mutation rate and the 
positive correlation to STR repeat length. The different ethnic groups and various Y
chromosome haplogroups defined by single-nucleotide polymorphisms were 
characterized by different Y-STR mutation rates. To date no Y-STR pedigree mutation 
studies were reported in native Siberian populations. Siberian Tundra Nentsi population 
possesses many unique genetic features and represents a good model for genealogical 
studies because of large family sizes, available ancestry information and relatively 
isolated life style in the extreme north environment. We thoroughly selected 50 paternal 
lineages with deep genealogical depth from 2 to 6 generations with the total number of 
330 males. The number of descendants varied from 2 to 25 per paternal lineage, in 
average 7 males per lineage. We also included in our analysis six Kami, three Russian 
and one Khant families who lived in the same villages. Totally 34 STR loci from non
recombining part of Y-chromosome were studied: DYS 19, DYS390, DYS39 l, 
DYS393, DYS385A, DYS385B, DYS426, DYS388, DYS392, DYS439, DYS389-l, 
DYS389-2, DYS458, DYS447, DYS449, DYS459, DYS454, DYS464, DYS455, 
DYS457, DYS448, H4, DYS607, CDY-1, CDY-2, DYS460, YCA-1, YCA-2, DYS576, 
DYS570, DYS438, DYS456, DYS442, and C4. Eleven males (4 %) had different 
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alleles in 6 or 7 STR loci compared to their paternal ancestors. We believe that those 
men were born out-of-wedlock or were adopted. Traditionally native Siberian people 
adopt and raise all children who lost their parents. Mutations were observed in 21 out of 
34 Y-STR loci. We found relatively higher number of mutation gains (60%) versus 
losses. Our study has thus shown that the chosen Y-STR loci represent a powerful tool 
to estimate mutation rates for forensic and population genetic purposes. 

Keywords: Y chromosome, short tandem repeats, de novo mutation, tundra nentsi 

1. Introduction 

The past two decades witnessed an explosion in data from the Y chromosomes in 
human populations. The inability of the Y chromosome to undergo recombination over 
most of its length means that the genotype of any individual is traceable with certainty 
to a single lineage (consisting of the father, the paternal grandfather, one paternal great
grandfather, etc.). Because Y chromosomes have unisexual transmission, migration and 
genetic drift will have quite different effects on the population genetic structure of Y 
chromosomes when compared to autosomes, particularly due to the difference in 
effective population size. Compared to the mitochondrial genome containing 16.5 
thousand base pairs, Y chromosome numbers approximately 60 million base pairs, and 
provides the researchers with a potentially more powerful instrument (Underhill, 
Kivisild, 2007). 

The low level of polymorphism on the on the NRY hindered research for many 
years. By the end of 1990s a novel mutation detection method and direct sequences 
have led to discovery of many new Y-specific single nucleotide polymorphisms (SNPs). 
More than 200 SNP's on the NRY were identified by 2001 (Underhill et al., 2000; 
Hammer et al., 2001). Almost 600 mutations were incorporated into the Y chromosome 
binary haplogroup tree (Karafet et al., 2008). 

Y-STRs are a short tandem repeat (STR) on the Y chromosome (Fig.1 ). Due to their 
diversity, simple structure and the unique feature of being inherited by the paternal 
lineage, Y chromosome STRs (Y-STRs) have become a valuable tool in evolution 
studies, forensic medicine, medical genetics and genealogy analysis (Kayser et al, 2004; 
Kayser · 2007). Distinct Y chromosomes identified by STRs are designated 
"haplotypes," as suggested by de Knijff (2000). Comparing haplotypes of two men 
with known mutation rates for Y-STRs, one can assess the number of generations to 
their closest ancestor by paternal lineage. 

80 



CENES 

[_ '"-[ 

STlls 

OYS19 

__.,....--- DYS:m 

/ O'l'S439 

~;:::. UY\;;jU~-1 
~ DYS389-2 

-DYS388 
---DYS390 ::=::::::---- DYS4Z6 

~--- DYS385t 
........_~. nY~:lR!;~ 

-......... DY!>392 

Figure I. Schematic diagram of human Y chromosome 

To date, about 500 polymorphic Y-STRs have been discovered. The most noted, 
well-described and widely used are DYSl 9, DYS385, DYS3891, DYS38911, DYS390, 
DYS391, DYS392, DYS393 H YCAII (Gusmao, Alves, 2005). (Table 1). Less used are 
DYS434, DYS435, DYS436, DYS437, DYS438, DYS439, DYS460, DYS461, GATA 
A 10, GATA C4, GATA H4 (White et al, 1999; Ayub et al, 2000) Many Y-STRs have 
been found recently, and even more still are to be discovered (Ballantyne et all, 2010). 

Microsatellites show high levels of polymorphism. For example, the quadruplet 
T AGA (DYS 19) may be repeated from 10 to 19 times, the triplet AT A (DYS3 88) - 10-
16 times, DYS385 contains from 7 to 28 repeated quadruplets GAAA etc. The most 
informative Y-STRs have been chosen as genealogical markers. At present, standard 
genealogic DNA tests are conducted using 12, 17, 25, 3 7 or 67 markers, although 6 
markers is often already enough to attribute the given ·haplotype, depending on the 
combination of repeat numbers, to one of the Y-chromosome hapfogroups, from A to R. 

For the effective use of these microsatellite markers, it is necessary, besides further 
improving and reduction in price of typing methods, to create comprehensive databases 
that take into account regional and ethnic attributes of people, which will allow 
comparing STR variants and estimating its variation in different populations. It is also 
important to refine on a convenient and simple classification of these repeats, as for 
some Y -STR with a simple repeat structure, it is easy to find the consensus, and for 
others, characterized by a complex structure, it is often a problem. For instance, some 
obliged changes were made in the classification to include motives of the Y-STRs 
DYS 19 and DYS390 (the first ones to be described), that turned out to be variable as 
new data had emerged. To prevent such changes, according to the general guidelines of 
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the International Society for Forensic Genetics (ISFG), "alleles should be named 
considering the variable and non-variable repeats" (Gill et al, 200 I). 

Table I. Structure of some Y-STRs, corresponding GeneBank accession numbers and sizes (Gusmao, 

Alves, 2005). 

Marker GeneBank Sequence Size 

DYSl9 (DYS394) X77751 (T AGA)3T AGG(T AGA)n 143-179 

DYS385 Z93950 (AAGG)6-1(GAAA)n 240-312, 324 

DYS389 I G09600 (TCTGh(TCT A)" 235-267 

DYS389 II G09600 (TCTG)n(TCTA)nN2s(TCTGh(TCT A)n 343-387 

DYS390 G0961 I (TCTG)n(TCT A)n(TCTG)0_1(TCT A)0-4 188-232 

DYS391 G09613 (TCTG)J(TCT A)n 128-160 

DYS392 G09867 (TAT)n 181-217 

DYS393 G09601 (AGAT)n 104-140 

DYS437 AC002992 (TCT A)m(TCTG)n(TCT A)4 180-196 

DYS438 AC002531 (TTTTC)1(TTTT A)o.1(TTTTC)n 201-241 

DYS439 AC002992 (GATA)n 232-260 

DYS460 (GATA A7.I) G42675 (ATAG)n 105-133 

DYS461 (GATA A7.2) G42671 (T AGA)n(CAGA)1 144-172 

GATAAIO G42674 (TCCAh(T ATC)n 150-178 

GATAC4 G42673 (TCT A)2[(TCTAh(TGTA)ih.J(TCT A)n 238, 246-274 

GATA H4 G42676 (AGAT)4CTAT(AGATh(AGGT)3(AGAT)nN24 268-292 

(AT AG)4(AT AC) 1(AT AG)2 

2. Materials and methods 

A Tundra Nentsi population of the size of about 2000 people from Pur district of 
Yamalo-Nenets Autonomous Okrug has been under study since 1992. A comprehensive 
gene pool survey including the reproductive and demographic indices, health 
evaluation, and the genetic analysis employing the state-of the-art methods and 
molecular genetic markers has been performed. The population has been extensively 
studied including the classic blood group marker polymorphism rates as well as the 
mtDNA and Y-chromosome variabilities (Osipova et al., 1996; Duzhak et al, 2001; 
Karafet et al., 2002, Tambets et al., 2004). 
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We attempted to achieve 2 goals - first, to study Y-chromosome microsatellite 
haplotype diversity in the Siberian population of Tundra Nentsi, and, second, to 
evaluate the Y-chromosome microsatellite mutation level associated with the adaptation 
of the Nentsi population to the technogenic environment. 

In the present study, we are primarily concerned with the second aspect, which 
appears important due to the prevalence of chemical and radiation mutagenic factors in 
the human habitats. A multidisciplinary radioecology and genetic study by the Siberian 
Branch of the Russian Academy of Sciences was carried out over the period of 1997-
2007 (Osipova et al, 1999, 2002; Korovkina et al, 2004). It has been shown that the 
areas inhabited by the Nentsi are saturated with the longlived isotopes emerged from the 
nuclear tests at the Novaya Zemlya Test Site and deposited into a prolonged food chain 
"lichen-reindeer-human". The current absolute contamination values (according to the 
Radiation safety standards of Russian Federation, 1999), however, are not hazardous to 
health. The present-day mean caesium-137 content in 237 samples of lichen was 153 
Bq/kg (varying from 7 to 685 Bq/kg), while in 17 samples of reindeer meat the mean 
value was 118 Bq/kg (17 samples). The circulating caesium-13 7 values were measured 
in the urine of aboriginal people of Pur district ( 1-44 Bq/kg in 65 samples), as well as in 
the placentas of parturient women ( 1-27 Bq/kg in 64 samples). The aboriginal people 
appear to be affected by the low and ultra-low doses of internal ionizing radiation. The 
mechanism of action of those doses, especially, in the susceptible cohorts (including 
pregnant women) is significantly different than that of the short-term external 
irradiation (as it is shown by Burlakova E.B. with co-authors as well as by other 
researchers). During gestation, and, particularly, at critical stages of embryogenesis, 
teratogenic or embryotoxic exposure may occur (Osipova et al, 2002). 

The results of our 5-year long cytogenetic study confirm the negative effects of 
exposure to hazardous technogenic factors on human genome. The study was performed 
by a routine classical method of differential staining. The group under study was 369 
people from the exposed region, including 250 of aboriginal people and 119 locals of 
European descent. As follows from the results presented in the Table 2, the total 
chromosome aberration frequency in all groups is significantly higher than the control 
level. The frequencies of dicentric and ring chromosomes indicative of radiation were 
significantly higher than the control level in all groups except the aboriginal children. 

In the group of adult aboriginal population alone (N=l 78), a significant increase in 
the total chromosome aberration rate (3.23 ± 0.21) as well as the frequencies of rings 
and dicentric chromosomes (0.44 ± 0.10) is observed. 

The classical cytogenetic approach, thus, indicates at a stochastic influence of 
mutagenic factors on the cellular genetic mechanisms of the aboriginal population, 
possibly, causing an elevated level of disabilities in the local population. 

FISH analysis with rRNA probe was performed unfortunately on a single local 
patient, year of birth 1957. (Grafodatsky, Rubtsov, personal communication). It 
demonstrated the presence of a marker chromosome carrying ribosomal genes in 50% 
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of as much as 300 metaphases analysed. The patient was clinically infertile and died at 
the age of 50. 
Table 2. Results of cytogenetic analysis of aboriginal and non-aboriginal population of Yamalo-Nenets 

Autonomous Okrug (Osipova L.P. et al.). 

Number of Number of Total cells with Dicentrics and 

people cells (total) aberrations (N) ring chromosomes (N) 

dispersion % dispersion % 

meano/o±m mean%± m 

total 250 26631 860 92 

c:: 0-23,8 0 - 5,5 
0 
·~ ***3,23 ± 0,21 ***0,35 ± 0,07 ::; 
0.. adult 178 18642 691 82 0 
0.. 

0-23,8 0 - 5,5 (;j 
c:: 

***3,71±0,27 ***0,44 ± 0,10 'Oh 
·;::: 

children 72 7989 169 10 0 
.D 
-< 0 - 18 0- 1,3 

***2,12 ± 0,32 0,13 ± 0,08 

control 105 10472 162 12 

0-5 0,11±0,06 

1,55 ± 0,24 

Significance levels: significantly higher••• (p<0,001); significantly higher**( p<0,01); significantly higher* ( p<0,05); 
and (without asterix)- non-significantly higher (p>0,05) than the control level 

Recently, an elevated level of different kinds of pathologies with underlying genetic 
causes, including the congenital heart and vessel disfunctions, eye pathologies, allergic 
diseases and neuropsychic abnormalities has been observed among the children in the 
population under study. 

Over the period of 1992-2008, when the population monitoring of the Samburg 
group of Tundra Nentsi has been carried out, we collected blood samples from about 
80% of the total population together with all individual information required. All survey 
participants gave informed consent. From the overall pool of participants we 
constructed 50 paternal genealogical lineag~s ("extended families") totaling 330 people 
including the family founders and their descendants. Those lineages differed in the 
temporal depth of information available (from 2 to 7 generations) and the number of 
descendants (from 2 to 25 descendants, with a mean value of about 7 descendants in a 
family). About 70% of male family founders in this sample were Tundra Nentsi. The 
others were represented by the Forest Nentsi (n=6), Komi (n=6), Russians (n=3), and 
Khanty (I), who resided in the same area and used to marry the Tundra Nentsi women. 
Since the peak exposure to the short-lived radionuclides has been in its highest values in 
the period of 1955-1963, we specifically focused on that time frame, tentatively 
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considering September, 1955 to be the starting date of the technogenic exposure in the 
form of ionizing radiation (IR). 

In our work, we used the following 34 Y-chromosome STR loci as the markers: 
DYS 19, DYS390, DYS391, OYS393, OYS385A, OYS385B, OYS426, OYS388, 
DYS392, OYS439, OYS389-1, OYS389-2, OYS458, OYS447, OYS449, OYS459, 
DYS454, OYS464, OYS455, OYS457, OYS448, H4, OYS607, COY-1, COY-2, 
DYS460, YCA-1, YCA-2, OYS576, OYS570, OYS438, OYS456, OYS442, and C4. 
We genotyped these loci in 5 two multiplex reactions according to Redd et al. (2002) 
with slight modifications. 

Experimental study of Y-chromosome microsattelite polymorphisms was carried out 
in 2004-2005, in the period of work stay of L.P.Osipova at the University of Arizona, 
Tucson (in the laboratory of Prof. Michael Hammer). 

3. Results and discussion 

Analysis of our results, first, discovered 11 nonpaternity cases ( 4% of the 
participants under study). The minority of those were the children born out of wedlock, 
from the fathers, who arrived to the area to work at oil and gas fields. The rest were 
either unrelated adopted orphans or the adopted relatives, who changed their family 
name to the adoptive father's family name. The traditional ethical rules in the aboriginal 
people populations were aimed at the avoidance of orphan hood. Typically, the 
children, whose parents have died, were adopted either by the families of their close 
relatives or by the childless families. Although genealogical information has been 
collected with maximal scrutiny, the high resolution of STR markers did not allow to 
unambiguously attribute those 11 individuals to the putative parental lineages. It was 
important to distinguish nonpaternity from mutation. We defined nonpatemity as a 
mismatch between fathers and sons at~ 2 Y STR loci. In 11 cases of nonpatemity, a 
mismatch occurred in at least 6-7 STR markers. 

It is relevant to present here two paternal genealogi~al trees, in which the de novo 
mutations were identified unambiguously. 

In the first family tree presented in Fig. 2 (paternal line #5, family founder Ader 
Elsi, who was a Tundra Nenets), we identified a two de novo mutation in COY locus. It 
is apparent that the mutation event occurred in the germ line of Michail, the member of 
Ader family born in 1940 and departed in 1970. It is from him that the "marker" branch 
of paternal lineage stemmed, within which the COY 40-40 variant is replaced by COY 
39-39 variant, which is further inherited. That mutation may be considered as induced 
by technogenic exposure, since his elder son, Nikolai, was born in 1961 (the younger 
son, Vyacheslav was born in 1966). This genealogy includes 5 generations of 
descendants, for whom the reliable information about their relation was available. 
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Figure 2. Genealogy of Tundra Nentsi, de novo mutation in CDY locus. Squares with black dots designate individuals 
with mutation. "Ree" stands for "reconstructed". 

The founder of the second family was the Forest Nenets Aivasedo Lelyu, who 
settled among the Samburg Tundra Nentsi and married the Tundra Nentsi woman. The 
de nova mutation in CDY-2 locus was shown to occur in his grandson, Nakoti (Fig. 3). 
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Figure 3. Genealogy of Forest Nentsi, de novo mutation in CDY-2 locus. Squares with black dots designate individuals 
with mutation. "Ree" stands for "reconstructed". 

In our sample, we discovered 59 "de nova" mutations, which, typically, involved a 
single locus. The mutations directed to an increase of repeat number prevailed (60% vs. 
40%). 

The "de nova" Y-chromosome STR loci mutations were discovered in 28 pedigrees 
out of 50, i.e., in more than a half of cases. Out of 34 Y-STR loci employed, as much as 
21 loci were involved in mutation process, which confirms the high adequacy of the 
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selected markers for the study of mutation component (among other microevolutionary 
factors) in effect in human populations. The highest mutability was identified in COY 
locus, which was responsible for one third of all STR mutations. This locus provides 
increased male relative differentiation. Mutations in DYS449 and DYS464 loci 
occurred three times less frequent. 

4. Conclusion 

The selected markers are highly suitable for the study of mutation component 
(among other microevolutionary factors) in effect in human populations, for forensic 
identification purposes, and for evolutionary studies. For example, the men born out of 
wedlock often turn to the geneticists with a request to try to identify the ethnic origin of 
their biological father. 

High frequency of the discovered "de novo" Y-STR mutations, in fact, put more 
questions, than they provide the answers. First, the selected populations resides at high 
latitudes with a severe climate. The possibility that the Y-microsatellite mutation rate in 
the High North populations is increased cannot be ruled out. In order to investigate the 
effect of high latitudes on the observed mutation rates of Y-STR loci, similar studies in 
the other populations within the same climatic zone of residence-should be carried out. 
Our male database includes such aboriginal populations of Siberia and Altai under 
demographic monitoring. 

We are currently unable to make an unambiguous and mathematically accurate 
statement about a direct relation between the level of microsatellite mutability and the 
technogenic ionizing radiation. This stays to be a working hypothesis, though. 

Currently, the obtained results with the consideration of the number of meiotic 
events are carefully analyzed with the use of different statistical methods, since the 
different mutation rates for the particular Y-STR loci has been published. We find 
important to obtain the correct estimates of those rates for a selected population, and we 
are planning to expand our male population sample and the number of paternal lineages 
to this end. · 
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ENDLESS PURSUIT OF DNA DOUBLE-STRAND BREAK ENDS"' 
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Abstract. In the pursuit of radiation-induced cellular damage that manifests in cell killing 
and genome instability, but is reversible by the phenomenon of liquid holding, DNA double
strand breaks (DSBs) have been shown to be the major culprit. It is now w_idely accepted 
that DSBs provide both beneficial and deleterious effects and that elaborate systems were 
evolved to address their detection, processing and repair. Understanding the mechanisms of 
DSB induction, processing and eventual biological consequences as well as just the 
detection of DSBs remain a challenge--especially for randomly induced breaks. Given the 
large number of extensive reviews available and the limited space here, I have chosen to 
focus on summarizing recent novel findings from our group using the budding yeast 
Saccharomyces cerevisiae that are relevant to many molecular and genetic aspects of DSB 
repair and impact on genome stability. Included are the systems we have developed that 
address i) induction of random primary and secondary DSBs; ii) processing of DSB ends; 
iii) genetic control of DSB induction and repair; iv) genome instabilities associated with 
DSBs including rearrangements and hypermutability associated with resected ends; and v) 
physical factors that determine the transition from DSB to chromosome break or 
recombination. Using a circular chromosome, we find that resection of random, dirty-end 
DSBs induced by ionizing radiation or derived from MMS single-strand damage is rapid 
and is primarily due to the MRX complex. Interestingly, the transition from DSB to 
chromosome break at a unique DSB in yeast is largely prevented by the nuclease function of 
exonuclease I as determined from separation of florescent markers that flank a DSB. Based 
on a tetraploid gene-dosage model, the role of the chromosome structural complex cohesin 
is not only to enhance DSB repair between sister chromatids, but it also directs 
recombinational repair events to sisters thereby preventing loss of heterozygosity. Notably, 
DSBs greatly sensitizes cells to localized mutability as well as gross rearrangements. 
Overall, these findings demonstrate the genomic vulnerability to DSBs and the genetic 
investment in their orderly processing. 

Keywords: DNA repair, double-strand breaks, resection, MRX, RAD52, mutations, genome 
stability, ionizing radiation, UV, chromosome breaks, tetraploidy, recombination 

"' Radiobiology and Environmental Security I Eds. C.Mothersill, V.Korogodina, C. Seymour. Springer, 2012. P. 245-258 
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1. Overview 

All organisms possess intricate networks for genome duplication and maintenance 
that assure stability in the face of internal and external environmental stresses or during 
normal growth and development. The stability is provided through gene expression 
networks and protein interactions that assure coordination of normal replicative 
processes and responses to potential genome threats. In addition, all organisms are 
capable of detecting double-strand breaks (DSBs) and correcting them in an efficient 
and timely manner. In fact, several years prior to the molecular characterization of 
DSBs, repair and genetic controls it was clear that yeast cells had a tremendous 
potential to withstand ionizing radiation insults either through liquid holding [I] or 
change in cell cycle [2]. 

It is important to have a full understanding of how DSBs and other types of lesions 
arise and contribute to genome instability. While there is an upside to DSBs including 
antibody diversity and chromosome segregation in meiosis, the downside is that DSBs 
can lead to a variety of genome destabilizing events including incorrect restitution of 
broken molecules, chromosome breaks, mutation, growth inhibition, disease and death. 
In the multistep process leading from normal to cancer cells, human chromosomal DNA 
frequently exhibits genetic instability resulting in mutations, rearrangements and/or 
aneuploidy. Chromosome breakage, which might arise from a DSB, has been 
hypothesized to be an initiating event in many of these processes. DSBs at various 
stages of the cells cycle checked and can generate checpoint responses. Abrogation of 
checkpoint functions, for example loss of p53 in human cells, may contribute to genetic 
instability and eventual neoplastic progression. 

Three pathways of DSB repair have been characterized in yeast and human cells: 
recombination, single-strand annealing and end-joining. Efficient repair of DSBs in 
yeast generally involves RAD52-dependent recombination provided that there is 
homologous or related (diverged) DNA available. This repair mechanism was 
originally proposed to require a resected, invasive 3' DNA end supplied by the DSB and 
a homologous chromosome or sister chromatid as template [3]. Several features of this 
model have proven correct, as for the case of synthesis dependent, single strand 
annealing, as well as resection after radiation-induced DSBs as described below. (For a 
discussion of models and implications see [ 4].) While it was envisioned as being largely 
error free, subsequent experiments have clearly demonstrated that the repair may be at
risk for errors. Deletions and rearrangements can also occur from the misrepair of 
DSBs. For example, deletions can occur between homologous, directly repeated 
sequences flanking a DSB via single-strand annealing in the presence or absence of 
RAD52. Misrepair of DSBs can also result from illegitimate recombination between 
related DNA sequences thereby reshaping the genome (as described below). Another 
pathway involving direct nonhomologous end-joining (NHEJ) was described first in 
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mammalian systems and subsequently characterized in yeast. This DSB repair pathway 
is mediated by the yeast homologues of human Ku70 and Ku80. 

Sources of double-strand breaks (DSBs} 

Replication & Inhibitors EndonucleaS81l Defect at talomare ends 

Figure 1. Sources of double strand brcaks(DSBs) 

The choices in DSB repair pathways may depend on the nature and number of 
breaks as we have shown for the case blunt-end [5] vs staggered-end DSBs [6] produced 
by endonucleases, opportunities for homologous interactions and chromosome 
organization. Figure 1 describes many of the sources of DSBs either as primary events, 
secondary during processing of lesions, or even during replication resulting from 
collapsed forks. Our Chromosome Stability Group has developed multi-pronged 
approaches to understanding the appearance of a variety of DSBs created by different 
agents and situations, including replication and ARMs (at-risk motifs) associated DSBs 
[7 -9) along with mechanisms of repair and genomic changes resulting from DSBs in 
budding yeast. There are are several reviews over the past few years that address many 
of the issues related to DSB induction, repair and consequences. In light of this, I have 
chosen to briefly review our recent approaches with the budding yeast Saccharomyces 
cerevisiae which have led to novel systems and findings that address many molecular 
and genetic aspects of DSB repair and impact on genome stability. (This summary is 
based on a recent unpublished report to the Scientific Board of NIEHS that also 
addresses studies on the human p53 damage response network [10).) 
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2. Radiation-induced random DSBs and subsequent molecular events 

HIGHLIGHTS 
• Repair of randomly induced, dirty-end breaks is highly efficient in G2 cells 
• Development of a robust system for detecting resection and recombinants using 

circular chromosomes 
• Resection at y-induced DSB ends is rapid and predominantly controlled by 

RAD50 (MRX) 

Armed with new tools, many of which we developed, we revisited our early studies 
that provided the first evidence for DSB repair via recombination [3, 11] with a view 
towards understanding chromosomal variation in repair and the genomic consequences 
of random DSBs induced by ionizing radiation (IR) and other agents. Radiation, which 
is commonly used in cancer therapy, has proven a model agent for instantaneous 
induction of random DSBs (unlike in vivo enzymatic induction of DSBs). For most 
chemical and IR inducers of DSBs, there is the issue of repair at "dirty" ends and the 
formidable challenge of studying molecular events associated with random DSBS. 

The 16 chromosomes of haploid yeast are between -230 and 3000 kb. Since the 
individual chromosomes can be displayed with neutral pulse-field gel electrophoresis 
(PFGE), we have chosen to address repair in individual chromosomes (i.e., detected as 
complete chromosome restitution) and genetic controls. DSB induction by IR and 
subsequent repair have been extensively examined in haploid and diploid, 
logarithmically growing cells arrested in G2, since they have the highest potential for 
recombinational repair (either sister chromatids or homologous chromosomes; also 
discussed below in terms of the role for cohesin). A unique addition to defining events 
at random DSBs is our use of circular chromosomes (Figure 2). A single DSB leads to 
a unique, unit-size linear molecule detectable by PFGE unlike the circular chromosomes 
that remains in the starting well. This innovation has provided accurate measurements 
of DSBs as well as closely-spaced single-strand breaks (SSBs) [12] and the opportunity 
to study resection. 

We established that there are 0.07 DSBs/mb-krad [13]. Repair can be detected at 
about 30-60 minutes after IR, with about half the DSBs repaired in I hour at a dose 
inducing -140 DSB in the haploid G2 genome. The time scale for complete restitution 
to full-size chromosomes is related to size, consistent with a time-dependent component 
in the random repair of DSBs. Thus, the smallest chromosomes are repaired the fastest, 
which may indicate differences in ability of radiation to induce chromosome changes. 
The ribosomal DNA region located on Chr XII contains nearly 200 large rDNA repeats 
is subject to different repair rules for IR induced DSBs than the rest of the genome, 
consistent with spontaneous alterations in rDNA. We investigated further the roles of 
RAD52, RAD51 and both RAD50 and MREJ 1 (MRX) in repair and restitution. 
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We wanted to address events shortly after IR, a task that we anticipated would be 
particularly difficult given that DSBs are random. Surprisingly, the circular 
chromosomes that received a single break (i.e., a unique linear band in PFGE) 
developed a unique property-slower mobility--within minutes after irradiation as 
diagrammed in Figure 2. We established that the slower mobility, referred to as PFGE
shift, was due to single strand tails generated by resection. 

hB after IO kr1ds 

nor 0 .2 .u .s 1 2 ] • 

Circular chromosome Ill 

PFGE-shift 

- o-· "730" 

- D 600 ================== Dimer 
- ,. •• •4w _-=.-=.-=.-=.-=.- PFGE-11hitt 

-"" 300 
(Ow 111-l.) Linear Chr Ill 

Figure 2 Single DSBs in circular chromosomes lead to linear molecules which exhibit PFGE-shift with time of 
incubation 

This has provided a novel, robust assay and led to the first direct measurement of 
resection at random breaks, opening opportunities to address the efficiency, 
consequences and genetics of resection [13]. Within 10 min after IR of WT cells 
arrested at G2/M, there is a near synchronous PFGE-shift of the linearized circular 
molecules, corresponding to resection of a few hundred bases. Resection continues so 
that by the time of significant repair of DSBs at 1 hr there is about -1-2 kb resection per 
DSB end. The PFGE-shift is comparable in WT and recombination-defective rad52 and 
rad51 strains. However, in rad50 and mrel 1 null mutants the initiation and generation 
of resected ends at radiation-induced DSB ends is greatly reduced. Thus, the 
Rad50/Mrel 1/Xrs2 complex is responsible for rapid processing of most damaged ends 
into substrates that subsequently undergo recombinational repair. Among the few 
molecules exhibiting shift in the rad50 mutant, the residual resection is consistent with 
resection at only one of the DSB ends (also recent unpublished results). 

94 



In addition to these findings, we were able to directly assess sister chromatid 
recombination associated with the DSBs. Within I hr after irradiation, double-length 
linear molecules are detected in the WT and rad50, but not rad52, strains providing the 
first real time decription of recombination induced by random DSBs. These 
recombinants were largely resection and RAD50 independent and provide a unique 
opportunity to address DSB-induced recombination. 

3. DSB-associated genome instability: radiation-induced random DSBs and 
genome plasticity 

HIGHLIGHTS 
• Randomly induced DSBs frequently generate chromosome aberrations 
• IR-induced aberrations are primarily associated with breakpoints in repeat (J'y) 
sequences 

Investigations into chromosomal changes in unselected survivors (20 to 40% 
survival) revealed remarkably high levels of chromosome alterations even though repair 
is expected to be maximal in 2n-4C cells [14]. Because we employ diploid cells and the 
only requirement is survival, our approach enables us to address a broad range of 
changes. Studies from other labs of spontaneous and damage-induced chromosome 
changes have generally used haploid cells in which there is selection for changes in 
small regions and where many chromosome aberrations are lethal. 

Nearly half the radiation survivors had at least one apparent chromosomal change 
based on karyotypic analysis with pulse-field gels. This led us to investigate 
chromosomal changes by Comparative Genome Hybridization (CGH) microarray 
analysis through a collaborative effort with Tom Petes at Duke. We found that 
duplication or deletions were common (-100 among 37 colonies). Surprisingly, the 
incidence of chromosome aberrations was not related to chromosome size and, 
therefore, frequency of DSBs. Nearly 90% of the breakpo.ints occurred in the vicinity of 
multiply repeated (although diverged) sequences, with some repeats being much hotter 
than others and subsequent sequencing demonstrated that the breakpoints occurred 
within the repeats. Thus, while repair between sister chromatids is highly efficient, 
repeat regions-particularly TY elements--in the genome can compete in the repair 
process. 

Based on the appearance of tripartite events and our measured frequency of DSBs, 
we concluded that the two ends of a radiation-induced DSB in a repeat sequence can 
independently interact with other repeats in the genome. This has obvious implications 
for damage in the human genome. Thus, randomly-induced DSBs can have profound 
genomic effects and lead to nonrandom genomic changes opening the diploid genome 
to dramatic changes. 
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4. DSB associated genome instability: DSBs, ssDNA and localized 
hypermutability 

HIGHLIGHTS 
• Single-strand DNA formed at DSBs and uncapped telomeres is at risk for 

hypermutation and multiple mutations 
• Strong potentiation of weak mutagens in single strand DNA 

A common mechanism of repair of DNA lesions involves excision and resynthesis 
utilizing the intact template strand. This implies that damaged single-strand DNA 
(ssDNA) might be at high risk for loss or genome instability. Based on the systems we 
had developed to study DSB repair by oligonucleotides [15, 16] including RNA
containing oligonucleotides [17], we were uniquely poised to address the vulnerability 
of ssDNA to spontaneous and damage-induced changes including mutagenesis. Unlike 
the lesions induced in dsDNA, most lesions in ssDNA are not repairable. In these 
studies which were initiated and developed by Dmitry Gordenin [see his report in this 
volume], we found that multiple lesions caused by ultraviolet light-C (UV) and MMS 
can be tolerated in ssDNA and that they lead to extremely high frequencies of single 
and multiple mutations. 

Using our uniquely designed yeast systems [ 18], up to 20 kb of persistent ssDNA 
can be generated at the ends of a chromosomal DSB or at uncapped telomeres in cdc 13-
1 temperature-sensitive mutants. Cells are then exposed to a DNA damaging agent. The 
mutagenic consequences of the lesions in the ssDNA can be assessed with mutation 
reporters that are included in the regions that experienced ssDNA. 

Since nearly all the UV-induced mutations correlated with pyrimidines in the 
nonresected strand [ 18] and the majority of MMS-induced mutations could be related to 
damaged cytosines in the nonresected strand which provided a unique mutation 
signature [ 19], ssDNA was concluded to be highly vulnerable to mutagenesis. 
Consistent with this finding, there was a striking multiplicity of strand-biased 
mutations, with up to 6 mutations separated by hundreds of nucleotides after a non lethal 
dose of damage. These results established that long stretches of transient ssDNA can be 
restored to the dsDNA state even when they contain multiple lesions. The ssDNA was 
greater than 1,000-fold more mutable than the dsDNA in the rest of the genome. The 
high levels of induced, as well as spontaneous, mutagenesis were largely attributable to 
bypass by the DNA polymerase zeta (controlled by REV3 as well as REVJ). 

These findings are contrary to commonly held views of mutation independence 
across the genome. They reveal novel mechanisms of mutation and biological 
consequences. Environmental toxicants and drugs that can lead to and/or generate 
lesions in single strand DNA are of special health concern since single-strand regions in 
the genome may be highly prone to mutation and subsequent disease. This is 
particularly relevant since transient stretches of ssDNA are formed during 5'-end-
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resection of DSBs, as discussed above, as well as during DNA replication. 
Abnormalities in DNA metabolism, such as replication fork uncoupling, delay in 
recombination repair of a DSB or in telomere recapping after replication could be 
sources of long ssDNA stretches (thousands of bases). Our findings establish long 
ssDNA as extremely risky to genome stability as well as a potential source of adaptive 
evolution and cancer [see report by Gordenin in this volume] without severe mutation 
load in the rest of the double-strand genome, where repair of lesions is efficient. 

5. Base damage-associated DSBs and implications for SSB repair 

HIGHLIGHTS 
• System developed to monitor induction and repair of DSBs caused by DNA base 

damage 
• Chromosomal DSBs can result from interrupted or misrouted base-excision repair 
• Coordinated polymerase 8 and Rad27/Fen prevent transition of closely-opposed 

lesions to DSBs 

Endogenous metabolism or environmental factors such as oxidizing and alkylating 
agents produce a wide variety of lesions in cellular DNA. The genomes of mammalian 
cells experience from 10,000 to 200,000 modifications per day. Most lesions are 
repaired by a network of proteins that are part of an elaborate, multi-step base excision 
repair (BER) system that generate single-strand break (SSB) intermediates. 
Importantly, defects in BER can lead to malignancies and are associated with age
associated disease, including neurodegeneration. While BER enzymes have been 
characterized biochemically, BER functions within cells are much less understood, in 
part because replication bypass and DSB repair can impact resistance to base damage. 
To investigate in vivo BER, we examined repair of methyl methanesulfonate (MMS) 
induced DNA damage in haploid G 1 cells in the absence of replication bypass and 
recombinational DSB repair [12]. 

Following methylation of DNA bases, abasic sites (AP sites) are generated by 
glycosylases. The AP sites are heat-labile and give rise to SSBs during sample 
preparation for PFGE at a high temperature (55°C) while few SSBs are formed at lower 
temperatures (30°C). If closely spaced on a chromosome, SSBs will result in a 
secondary chromosomal DSB that is detectable by PFGE. Assuming that pairs of single 
strand lesions separated by less than 10 nt are detectable as DSBs, the number of 
secondary DSBs appearing after MMS treatment corresponded to 2,000-10,000 base 
lesions per haploid genome. These DSB studies were facilitated by our approach of 
simultaneous probing of a circular and a linear chromosome using a common sequence; 
the system can detect 2 to 40 DSBs per yeast genome. (Note that in this system DSB 
measurements are independent of the amount of DNA entering the gel.) 
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The heat-labile sites associated with DSBs were efficiently repaired after incubating 
G I stationary cells for 24 hr in buffer. Because the cells were also haploid, the repair 
could not occur through recombination. Consistent with a proposed role for BER in 
repair of heat-labile sites, the repair required the glycosylase MAG 1. Simultaneous 
deletion of AP-endonuclease genes APNJ and APN2 led to a large number of DSBs 
even for samples processed at 30' C, indicating that heat-labile sites can be converted 
into SSBs within the cell by other BER enzymes (possibly Ntgl or Ntg2 lyases) and are 
not efficiently repaired thereafter. Consistent with this, DSBs formed in apnl apn2-
deletion strains were not repaired and even increased in number during post-treatment 
incubation in buffer. These DSBs were suppressed by a mag 1 deletion suggesting the 
DSB resulted from downstream processing of AP-sites in vivo. Thus our approach 
provided direct physical evidence that Apnl and Apn2 not only repair cellular base 
damage but also prevent break accumulation that can result from AP sites being 
channeled into other BER pathway(s). 

Our findings provide the first direct evidence that interrupted or misrouted base
excision repair of clustered lesions can lead to the in vivo accumulation of chromosomal 
DSBs. In subsequent experiments [ 12], we described a pathway for the prevention of 
DSBs from clustered lesions through the coordinated repair of closely-opposed lesions. 
Using single and multiple mutants that impede interaction of DNA polymerase 8 and 5'
tlap endonuclease Rad27/Fenl with the PCNA sliding clamp, we found that lack of 
coordination between these components during long-patch base excision repair of 
alkylation damage can result in the generation of many DSBs within nondividing 
haploid cells. This contrasts with efficient repair of nonclustered MMS-induced 
lesions, as measured by quantitative PCR and SI nuclease cleavage of SSB sites. 

We conclude that closely-opposed single-strand lesions are a unique threat to the 
genome and that repair of closely-opposed strand damage requires greater spatial and 
temporal coordination between the participating proteins than widely-spaced damage in 
order to prevent generation .of DSBs. In our recent unpublished studies (Ma et al., in 
preparation) we have gone on to describe how MMS can lead to DSBs in apnl apn2 
cells and that the DSBsl3 are subject to resection and recombinational repair, similar to 
findings with radiation-induced DSBs. 
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6. Chromosome structure and DSBs: single molecule analysis of DSB to 
chromosome aberration transitions 

HIGHLIGHTS 
• Chromosomal continuity is not disrupted by a DSB 
• The transition of nearly all DSBs to a chromosome break is controlled by MRX & 

EXOJ 

Since DSBs are powerful sources of chromosome instability and rearrangements, we 
set out to understand the relationship between a DSB and a cytologically detectable 
chromosome break (CRB) and what factors might influence the transition from DSB to 
CRB. In collaboration with Kerry Bloom (University of North Carolina, Chapel Hill) 
we developed a yeast-based system that provides for chromosome analysis in real time 
following the induction of a single DSB by an inducible I-Seel endonuclease [20]. The 
system (Figure 3) utilizes the fluorescent labeled proteins tetR-CFP and Lacl-GFP 
marking each side of a DSB and Spc29-RFP fusion to identify the spindle poles. The 
tetR-CFP and Lacl-GFP proteins bind multiple repeats of their operator target 
sequences ~5 kb from the DSB site. This arrangement enabled us to investigate the 
development of a CRB following DNA breakage and the relation to spindle pole 
separation and sister chromatid separation in wild type and various end-joining or end
processing RMX mutants. 

System to detect transition of DSB to Chromosome Break 

GAL 1110 promoi.< 
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..... - I-Seel endonuclease 

IKl-GFP .... 
lac:O•rny ----4.7kb 

"'4A.CFP ... 
e.tO •!ft)' -------

l.21cb 

Figure 3 System to detect transitions of DSB to chromosome breack 
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Previously, we showed that nearly all wild type cells were arrested at the G2/M 
phase in response to an unrepaired DSB signaling event [20]. The centromere
containing and acentric broken DNA fragments remained in close proximity, which led 
us to conclude that a break in DNA does not develop into a CRB. (Similar results were 
reported using an identical flourescent markers nearly 50 kp from an induced DSB.) 
This physical association may be important in DSB repair. We went on to identify 
some factors that help prevent a DSB to CRB transition. There is a requirement for the 
complex, since 10 to 20% of chromosomes exhibited a CRB when any of these genes 
were mutated. However, it is not the end-joining or end-processing MRX function that 
prevents chromosome breakage. Instead, it is the tethering feature of the complex 
through the Rad50 component. We proposed that this function, in addition to repair, is 
likely to play an important role in preventing chromosome .instability. These studies 
were recently extended to other mutants. Remarkably, deletion of the exonuclease 1 
(EXO I) gene increases the frequency of cells with a CRB to -40% [21]. Importantly, in 
the exol rad50 double mutant nearly all DSBs transition to CRBs. Since the exo 1 
nuclease function specifically affects the DSB to CRB transition, the findings have led 
us to conclude that some aspect of resection plays a major role in preventing a DSB to 
CRB transition. 

7. Chromosome structure and DSBs: limiting cohesin leads to genome instability 

HIGHLIGHTS 
• Development of genetic system to identify limiting components controlling genome 

stability 
• Cohesin is limiting/or DSB repair. 
• Cohesin defines the sister chromatid as a donor for DSB repair, preventing 

recombination between homologous chromosomes and loss of heterozygosity 
(LOH) 

The repair of DSBs via homologous recombination (HR) is an evolutionarily 
conserved process that is relatively error free. While HR may have a deleterious effect 
on genome stability through nonallelic recombination or LOH, these risks might be 
reduced by restricting HR to sister chromatids. Although the sister chromatin cohesion 
complex (cohesin) facilitates DSB repair between chromatids, its role in HR and repair 
when homologous chromosomes are present has not been addressed. We examined the 
consequences of changes in cohesin level on HR and DSB repair as well as the role that 
cohesin might play in directing events between sister chromatids vs homologous 
chromosomes [22]. Using tetraploid yeast, gene dosage could be varied 4-fold for the 
essential sister chromatid cohesin sub-unit MCDI as well as other key players in HR. 
Survival and global DSB repair are compromised in MCDJ simplex (single-copy) 
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strains that are y-irradiated at G2/M when sister chromatids are present. Importantly, y
induced HR between homologous chromosomes was actually increased -10 times over 
that in WT strains ( 4 copies), while there was no difference in spontaneous HR rates. 
The survival and HR frequency were comparable to WT tetraploid yeast irradiated in 
G I, when only homologous chromosomes are present. The results for UV and IR were 
similar although to a lesser extent for the DNA replication inhibitor hydroxyurea. This 
system has provided the first direct evidence that the cohesion complex is both limiting 
in DSB repair and that it has a dual role in HR, namely, promotion of recombinational 
repair between sister chromatids and suppression of recombination between 
homologues (Figure 4). The suppression would prevent loss of heterozygosity (LOH) 
through recombination and segregation of sister chromatids. 

I Cohesin (heterotrimeric ring) 
--...-·,,,>--=--.} is limiting and 

channels repair to sisters 

Figure 4 Cohesin (Heterotrimeric ring) is limiting and channels repair to sisters 

Thus, reduction in cohesin may have important consequences to genome change and 
evolution. Cells with moderately reduced cohesin levels (MCDJ simplex) have a 
reasonable fitness but exhibit increases in DNA damage-induced recombination 
between homologous chromosomes, even when survival is high. The promiscuous 
recombination which can cause elevation in LOH may also lead to more nonallelic 
recombination, reshaping the genome through structural variations [22]. While the 
present results indicate a general role of cohesin in control of HR, our approach can 
provide useful insights into genome dynamics as well as genetic processes associated 
with tetraploidy and consequences of cell-to-cell variation in limiting proteins. In 
addition, the experimental design can be used to search for subtle changes in factors that 
are limiting for genome stability, especially when combined with modest (i.e., high 
survival) levels of genotoxic environmental stress. Our system utilizes normal, wild 
type proteins and native gene expression regulation, eliminating the uncertainty 
associated with mutations and controlled gene expression. 

8. Summary 

Overall, our approaches have established the efficiency of repair of random DSBs in 
yeast and the genomic vulnerability associate with these breaks. Based on results with a 
unique cut site, broken DNA ends are held in close contact which could facilitate 
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recombinational repair. In addition the physical interaction between sister chromatids 
appears to enhance opporunities for repair. Importantly, the ends have a strong 
potential for genome instability either by interacting with homologous chromosomes 
and/or sequences across the genome or through resection of ends, making them highly 
vulnerable to mutagenesis. These approaches have helped elucidate a portion of the 
considerable genetic investment that all cells have in the detection and orderly 
processing of DSBs. 
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Abstract: The risk of cancer after exposure to ionizing radiation is currently defined only as 
a function of the received dose. Genetic factors that modify individual susceptibility to 
radiation-induced cancer are excluded from the risk assessment. We report the mapping of 
QTLs that confer increased susceptibility to radiation-induced osteosarcoma in the mouse. 
The strongest candidate locus, on chromosome I 4, contains a functional polymorphism 
weakening the efficiency of the Rb I promoter. The Rb I allele associated with increased 
susceptibility is preferentially retained during allelic loss at the Rb I gene in radiation
induced tumors. In combination with allelic losses of CDKN2a IP 16, an upstream regulator 
of Rb I, I 00 % of all analyzed tumors exhibit a defect affecting this pathway. Alpha
irradiation of knockout mice with a bone-specific expression reduction of Rb 1 or P 16 
confirmes that these genes can alter the susceptibility for osteosarcoma, either by increasing 
the tumor-risk or by shortening their latency. These results suggest that common germ-line 
polymorphisms causing impaired expression of known tumor-suppressor genes can modify 
individual susceptibility to radiation-induced cancer. 

Keywords: radiation-induced cancer; osteosarcoma; mouse model; genetic modifier; inherited 
susceptibility; alpha-emitter; incorporated isotopes; instability; radiation-risk; individual 
predisposition 

1. Introduction 

Ionising radiation has been identified as a carcinogenic agent through 
epidemiological studies of cohorts exposed to relatively high doses, such as A-bomb 

.. Radiobiology and Environmental Security I Eds. C.Mothersill, V.Korogodina, C.Seymour. Springer, 2012. P. 353-364 
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survivors and those receiving therapeutic or accidental irradiation. The dose response 
data from these groups is used in extrapolating the risk of radiation-induced cancer to 
low-exposure groups (UNSCEAR, 2000). Such population-based extrapolations carry 
with them a degree of uncertainty, and cannot accurately predict outcome in individual 
cases. This is especially true in those individuals carrying a germ-line mutation that 
predisposes them to the carcinogenic effects of ionising radiation e.g. P53, Rb 1, and 
A TM (Hahn et al., 1998; Cox , 1994). However, common gene polymorphisms also 
may influence individual susceptibility to the carcinogenic effects of ionising radiation, 
as they do other malignancies (Ponder, 1990; Hemminki and Mutanen, 200 I; Zhang et 
al., 2003). 

Uncertainties of tumor causality preclude studies in man that are designed to 
identify genetic effects on radiation carcinogenesis. However, mouse models show both 
direct causality and strain-dependent differences in radiation-induced tumor incidences, 
suggesting that modifiers of susceptibility can be identified using the mouse (Groch et 
al., 1997; Santos et al., 1998). 

Skeletal deposition of bone-seeking alpha particle-emitting radionuclides (e.g. Ra, 
Pu, Am), results in highly localized irradiation of the bone-forming cell compartment. 
The incidence of osteosarcoma in man and mouse is increased by a number of orders of 
magnitude following such exposures (Fry, 1986; Luz et al. , 1991). Inbred BALB/c 
mice show a high incidence of osteosarcoma following injection of 227Th ( 4 Gy 
skeletal dose), whilst at the same dose CBA strain animals are relatively resistant (Fig. 
I). The polygenic basis of the strain difference was established in irradiated (BALB/c x 
CBA) FI hybrid animals. These show an intermediate sensitivity as compared to their 
parental strains, indicating the action of multiple low-penetrance modifier genes. 
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Figure I. Cumulative incidences of osteosarcoma development following injection with 185 Bq/g 227Th at the age of 
100 days showing greater sensitivity ofBALB/c strain (open diamonds) compared to CBA/CA strain (closed diamonds). 
The FI hybrid animals (open circles) are of intermediate susceptibility. 
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The variable penetrance of osteosarcoma in certain familial cancer syndromes 
(Meisner et al., 1979) also suggests the existence of yet unknown susceptibility genes in 
man. We describe in this report mapping, identification and first functional studies of 
such susceptibility genes in radiation-induced osteosarcoma in mice. 

2. Genome-wide mapping of murine susceptibility genes 

We have previously employed genetic mapping techniques in backcrossed mice 
strains to identify loci in the genome that harbour potential susceptibility genes for 
alpha-radiation induced osteosarcoma (Rosemann et al., 2002; Rosemann et al., 2006). 
These genome-wide screens for quantitative trait loci (QTL) established a total of 6 
distinct chromosomal site that modify osteosarcoma predisposition in the mouse strains 
BALB/c, CBA/CA, C3H/H and 102/Nhg (Fig. 2). 
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Figure 2. Approximate positions (derived from MGD database) of BALB/c I CBA polymorphic microsatellite markers 
are given as black diamonds. Numbers are related to the name of each marker in the MIT panel (* exception is 217, that 
was originally D3Mit217, but has now been allocated to chromosome I). Red lines indicate the sweep-radius of each 
marker, i.e. the interval for which linkage to susceptibility genes could be detected. Chromosomal regions showing 
linkage ofosteosarcoma susceptibility with BALB/c alleles (red) and CBNCa alleles (blue) are shown together with two 
osteosarcoma susceptibility loci mapped in preceding study (hatched blue bars) (repr. from Rosemann et al., 2006). 

Animals inheriting the high-risk genotypes at five of these loci showed a 100% 
osteosarcoma incidence, with an average latency of 430 days. In contrast, animals 
inheriting low-risk gene varaints at these five loci exhibit a marked tumor resistance, 
with only I out of 11 animals developing osteosarcoma with a latency of 680 days (Fig. 
3). 
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Figure 3. Additive effect of five susceptibility loci on tumor incidence in backcross F2 animals grouped according to 
their genotypes. Those inheriting high-risk genotypes at all 5 susceptibility loci (open diamonds) show higher sensitivity 
than parental BALB/c (open circles) or CBA/CA mice (closed circles). F2 animals inheriting low-risk genotypes at all 5 
loci exhibiting lowest osteosarcoma frequency (Ill I) with the longest latency time (closed diamonds). 

Markers between 014Mit234 and 014Mit97 showed linkage with the BALB/c
allele beeing associated with an increased osteosarcoma resistance. Of 24 animals 
developing tumors all but 5 were heterozygous (CBA and BALB/c allelotypes) at these 
markers. This is in contrast to tumor-free animals, where only 10 of 36 animals were 
heterozygous (p=0.0002). QTL mapping using a normalized, censored latency time 
t(L)C as a trait parameter indicated that the likelihood ratio statistic for a QTL in this 
intervall exceeds 20, equivalent to LOO = 4.39 (Rosemann et al., 2006). Significantly, 
this region on chromosome 14 overlaps with the osteosarcoma susceptibility locus we 
previously mapped in a different mouse cross (Rosemann et al., 2002), giving a 
compound LOO score of 5.44. Haplotype analysis was carried out for all 169 mice 
using additional markers placed between 014Mit234 and 014Mit97 (Fig. 4). The 
lowest number of recombinants was found for markers· 0l4Mit192 and 0 l 4Mit225, 
which span only a 3 Mbp interval (Ensembl 2010). 

2.1. SOMATIC LOSSES-OF-HETEROZYGOSITY IN TUMORS 

To further narrow down the genomic position of an tumor susceptibility gene we 
analysed a set of radiation-induced osteosarcoma in (BALB/c x CBA) FI hybrid mice 
for the presence of somatic gene alterations (loss-of-heterozygosity, LOH). In the 
interval! originaly mapped by F2 linkage analysis, we now also found LOH in 13 out of 
17 tumors (Fig. 5). Interestingly, there was a preferential loss of the BALB/c-allele, 
with 10 of the 17 tumors (58.8 %) showing loss of the BALB/c allele, compared to only 
3 of 17 (17.6%) tumors showing loss of the CBA-allele (Gonzalez Vasconcellos et al., 
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20 l 0). This preferential loss of the BALB/c allele in the tumors suggests that the 
BALB/c gene variant may have a tumor suppressor function in these animals. 
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Figure 4. Haplotype analysis of radiation-osteosarcoma susceptibility with additional markers to narrow down the 
principal susceptibility locus on chromosome 14. Gerrnline haplotypes in 44 mice with and 125 mice without tumor arc 
shown here with tracks of BALB/CBA heterozygote genotypes (dark bars) and BALB/BALB homozygote genotypes 
(open bars). 
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Figure 5. Pattern of allelic-loss in 17 radiation-induced osteosarcoma found in BALB/c x CBA/CA FI hybrid mice. 
Two loci in the mouse genome, encompassing RBl on chromosome 14 and encompassing P16 on chromosome 4 are 
shown. Allelotyping was done for intra-genie SNPs of the two genes and for microsatellite-markers flanking them 
proximal and distal (repr. from Gonzalez Vasconcellos et al 2010). Black: retention of hcterozygosity; grey: loss of 
maternal BALB/c allele; white: loss of paternal CBA/CA allele. 

108 



The smallest common region affected by allelic losses in the analyzed tumors was 
defined by the proximal marker Dl4Mitl 92 (72.3 Mbp) and the distal marker 
Dl4Mit225 (75.3 Mbp). Within this 3 Mpb region on murine chromosome 14 maps the 
Rbl tumor suppressor gene (73.6 Mbp), which is a strong candidate for both an 
osteosarcoma- and a radiation sensitivity predisposing gene. Patients carrying germ
line Rb 1 mutations show an increased incidence of sporadic osteosarcoma (Hansen et 
al., 1985; Gilman et al., 1986; Draper et al., 1986), as well as a propensity to develop 
post-therapy osteosarcoma in the radiation field (Eng et al., 1993). 

3. Inherited hypomorphic variations of the Rbl-gene 

Sequencing of the entire Rb l gene transcript revealed no strain-specific differences 
in the Rb I coding region, implying that the protein function is not impaired in either of 
the two strains. Within the l l 90bp upstream of exon l, however we identified a 
TCGCCC hexanucleotide duplication that is present only in the BALB/c allele, 
positioned between nt l 053 and nt 1084 (Fig. 6, base numbering according Gene bank 
M86 J 80). This duplication lies 177 bp upstream from the first ex on, and is 5' to the 
predicted binding sites for Sp I, A TF and E2. This alteration has therefore the potential 
to change the Rb I -transcription in the BALB/c strain relative to the CBA/CA strain. 

Ex1 - Ex27 

Figure 6c Sequence of the Rb/ promoter region between ntl053 and ntl084 detennined for strains BALB/c and 
CBA/CA , showing position of the BALB/c specific hexanucleotide insertion relative to the SP I, A TF and E2 core 
binding sites (base numbering according to Genebank accession no. M86 I 80). 

In whole embryo mRNA from both strains we could indeed find a 50% reduced Rb 1 
expression in the CBA/CA strain (183 AU, Cl 138 - 228) as compared to the BALB/c 
strain (232 AU, Cl 165 - 299, p=0.038, t-test) (Fig. 7). 
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Figure 7. Rb/ expression in BALB/c and 
CBA/CA embryo RNA by northern blot 
analysis. Lower row: I 8S and28S RNA as 
loading control. 



When we used the genotype of this Rbl promoter variant to stratify the entire 
BALB/c x CBA F2 backcross into either BALB/BALB homozygotes (B/B) or 
BALB/CBA heterozygotes (B/C) it was obvious, that mice inheriting the B/C genotype 
have a significantly shorter latency and higher overall osteosarcoma incidence than 
mice with the B/B genotype. At 500 days after tumor induction more than 40% of the 
BIC mice developed osteosarcoma as compared with just 12% tumors in mice of BIB 
genotype (p=0.0007, Log-Rank Test) (Fig. 8). 
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Figure 8. Kaplan-Meier plot of osteosarcoma development in BALB x CBA backcrossed mice grouped according to 
their genotypes at the Rb I promoter. Difference between the BIB (dashed line, open circles) and the B/C genotypes 
(filled line, black circles) is highly significant (p=0.0007, Log Rank test). Intermediate line (without symbols) represent 
the pooled cohort of both genotypes. 

4. The Rbl pathway and other affected elements 

The Rbl protein acts as a growth regulator and tumor suppressor by controlling 
transition of the G l/S cell cycle checkpoint in conjunction with the p I 6 tumor 
suppressor (Zacksenhaus et al., 1993). Temporary arrest at this checkpoint is an 
essential event in the post-irradiation DNA damage repair process, allowing efficient 
repair before entry into S-phase (Brugarolas et al., 1999). The lower level of 
transcription of Rb I from the CBA promoter may be expected to lead to an inefficient 
arrest, and hence the entry of cells with unrepaired damage to enter S phase. A similar 
mechanism has been proposed for the increased incidence of pristane-induced 
plasmacytoma is associated with inheritance of a p I 6 promoter variant in BALB/c mice 
(Zhang et al., 2003). It should be noted that the p 16 locus did not show any association 
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with increased tumor suscpetibility in our study nor is there any evidence of an 
association between human Pl6 germline mutations and osteosarcoma. 

4.1. REDUCED RBI AND Pl6 GENE EXPRESSION SHOW DIFFERENT 
EFFECTS ONTO OSTEOSARCOMA DEVELOPMENT 

To test how Rbl and Pl6 germline variants differ in their effects onto radiation 
osteosarcomagenesis, we used heterozygote Pl6 knock-out and Rbl knock-out mice 
and induced tumors again by Th-227 incorporation (Gonzalez-Vasconcellos, 20 I 0). 
Both mouse lines had a pre-existing defect in one copy of either the P 16- or the Rb I 
gene in all bone cells, and were compared in this experiment with their wildtype 
littermates (i.e. with a set of mice on the same genetic background, but with the normal 
state of both target genes). 

Out of 42 animals derived from conditional Rb I knockout mating, 13 developed 
osteosarcoma with a median latency time of 402 days. Of these I 3 tumors, I I were 
found in 24 mice that had already a single copy of the Rbl gene lost in every normal 
bone cell. Of the remaining I 8 mice without a pre-existing Rbl defect in bone, only 2 
were diagnosed with an osteosarcoma (median latency 392 days). As shown in Fig. 9, 
the time course of osteosarcoma induction is similar in heterozygote Rb I knockout and 
in wildtype mice, but the tumor incidence is significantly different (p=4* 10·5 Fisher
Yates exact test). 
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Figure 9. Kaplan-Meier curve for development of osteosarcoma in female FVB/N-RB I LoxP x CreCol mice after 
227Thorium injection. All mice carried heterozygote or homozygote alleles of the conditional RB 1-LoxP allele (repr. 
from Gonzalez Vasconcellos et al 2010). dashed line: Mice inheriting Cre-Recombinase --> RSI -deletion in normal 
bone; full line: Mice not inheriting Cre-Recombinase --> RB I functionally normal. 
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Of a total of 70 animals from the PI 6 knockout breeding, 24 developed 
osteosarcoma (Fig. I 0, median latency time 4 I 3 days). Of those 24 tum ors, I 4 were 
found among 36 mice with a preexisting defect in one copy of the PI 6 gene (median 
latency 355 days). Of the remaining 34 mice without a pre-existing PI6 germline 
defect, IO were diagnosed with an osteosarcoma (median latency 445 days). The 
relative numbers of tumors in the heterozygote PI 6 knockout and in the wildtype mice 
were statistically not different (p=0.28, Fisher's exact test), but they arise much earlier 
in PI 6+/- mice as compared to their wildtype littermates (p=O.OI 8, Mann-Whitney 
Test). 

We can therefore conclude that a germline defect of the PI6 gene, leading to a 50% 
reduced expression, changes the tumor growth kinetics, but not the tumor incidence 
rate. In contrast, a reduced Rb I expression due to an congenital variant has the capacity 
to increase osteosarcoma risk, but not the latency time or tumor kinetics. 
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Figure 10. Kaplan-Meier curve for development ofosteosarcoma in female C57/BL6-P16 k.o. mice after 22morium 
injection. Littermate mice are either Pl6 +/- heterozygote or Pl6 wildtype (repr. from Gonzalez Vasconcellos et al 2010). 

dashed line: Mice inheriting Pl6 +/- germline defect; full line: Mice inheriting wildtype Pl6; dotted line: pooled cohort 
of both genotypes 

5. Rbl increases genome instablity following radiation-exposure 

Whereas Rb I inactivating germ line mutations are know to predispose for radiation
induced osteosarcoma in man (Eng et al., I 993), such an association is not yet known 
for hypomorphic Rb I alleles (i.e. alleles that result only in a lower gene-expression). To 
understand why a 50% reduced RbI expression in normal osteoblast cells is sufficient 
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to confer an increased tumor risk, we investigated the acute effects of a gamma
irradiation in in-vitro cultures of osteoblasts from the above described heterozygote Rb I 
knockout mice and their wildtype littermates. Phenotypically normal osteoblasts with a 
monoallelic Rbl loss (i.e. with a 50% reduced gene expression) after 2Gy gamma
irradiation exhibit a significantly increased number of post-mitotic genome defects, 
such as anaphase bridges (Fig. I I a) and micronuclei (Fig. I I b ). Both are indicative of 
an increased genomic instability in the heterozygote Rb I knockout osteoblasts. 
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Figure 11. Anaphase bridges (left) and micronuclei (right) in Rbl+/- and Rb!+/+ osteoblast cultures in-vitro 
after gamma irradiation with 0.5 and 2 Gy. For Anaphase bridges, data for an tumor cell line established from 
one of the radiation-induced osteosarcoma is shown as comparison. 

6. Conclusion 

We have shown here that a reduced expression of 50% of an important tumor 
susceptibility gene (Rb I) is sufficient to increase the risk for radiation induced 
osteosarcoma from I I% to 46%. This reduced Rb I expression causes an increase of 
radiation-induced genomic instablity in phenotypically normal osteoblasts. Both 
observations taken together suggest, that in normal wildtype osteoblasts the radiation 
damage can be tolerated up to a certain level whilst in cells with reduced Rb]
expression the induced genomic instability quickly exceeds a threshold and hence 
causes an overproportional rise in tumor incidence. 

Genetic mapping of additional modifier loci in the outbred BALB/c x CBA strains 
could also show that, in addition to a principal susceptibility gene such as Rb I other loci 
in the genome exist which, in an additive manner, can further contribute to an 
individual tumor risk. Whether susceptibility genes exist at these loci, or if they rather 
harbour regulatory elements remains elusive. Such regulatory elements could control 
expression of susceptibility gene in-trans, or could even modulate entire cellular 
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pathways. Albeit a deeper functional knowledge of such heritable susceptibility factors 
in man is still missing, such factors could in principle by used already today to predict 
an individual tumor risk following occupational, medical or accidental radiation 
exposure. 
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Abstract. A summary of results of prolonged genetic and physiological research 
initiated by N.V.Timofeev-Ressovsky and carried out based on the unique genetic 
collection of the mutants of the classical model object - Arabidopsis thaliana - under 
the leadership and immediate participation of P.D.Usmanov in the Laboratory of 
Physiological Genetics of the Genetic Department of the Institute of Plant Physiology 
and Genetics of the Academy of Sciences of the Republic of Tajikistan. The article 
contains the following: the summary of development of the Arabidopsis genetic 
collection; the results of the study of the Arabidopsis mutation variability; creation of 
the wide spectrum of mutant forms differing by their phenotype, the study of their 
genetic nature and physiological and biochemical peculiarities; the analysis of the 
genotypic variability of the photosynthetic apparatus characteristics in order to ascertain 
the mechanism of the photosynthesis genetic control and interrelations between the cell 
organelle (karyon, chloroplasts, mitochondrion). Based on the complex genetic, 
physiological and biochemical study of the mutant lines from the mentioned 
Arabidopsis collection, there have been established experimental model systems for 
ecological and genetic research, and the systems for evaluation of the impact of extreme 
factors and anthropogenic influence on the gene pool of plant populations and analysis 
of genetic mechanisms of plants adaptation. 
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1. INTRODUCTION 

At the end of 50th of the previous century special attention has been paid to the 
creation of collections of such plant species which offered special advantage as objects 
of scientific research in different divisions of biology. Arabidopsis thaliana (L) Heynh -
the "plant drosophila" - can be attributed to this category with confidence. Good fruit 
inception at self-pollination and controlled cross-pollination; relative simplicity of 
cultivation both in soil and on growth medium with agar in test tubes, Koch and Petri 
dishes with all possible regulation of root nutrition, light and temperature regimes. Due 
to the abovementioned characteristics Arabidopsis has stared being used as a model 
object in genetic, physiological and biochemical research (K vitko, Muller, 1961; 
Usmanov, Muller, 1970; Ivanov, 1974). 

The Central Seed Bank with hundreds of samples of populations and genetically 
pure lines of Arabidopsis (Kranz, 1978) has been established in Frankfurt-am-Main 
(Gennany). Publication of the special annual journal "Arabidopsis Information Service" 
has been initiated there. Arabidopsis researchers from many countries joined around it. 
A perfect model object - "plant drosophila" - Arabidopsis first emerged in Tajikistan at 
the beginning of 601h of the previous century following the example ofN.V.Timofeev
Ressovsky. Being in Tajikistan, N.V.Timofeev-Ressovky in his reports, lectures and 
speeches had repeatedly reiterated that a successful choice of the initial material for an 
experimental research had the decisive importance for the successful solving of the 
correctly formulated scientific task. In his article "Genetics and plant physiology" 
(Timofeev-Ressovsky, 1968) he proved the importance of a joint approach of genetics 
and physiology to the solution of the fundamental practical as well as the most 
important practical problems of the modern biology. N.V.Timofeev-Ressovky was one 
of the first who emphatically urged to use Arabidopsis mutants to study the genetic 
fundamentals of the photosynthesis. 

This period is supposed to be the beginning of the unique genetic collection of 
Arabidopsis for genetic and physiological research (including mutagenesis) under the 
leadership and the immediate participation of P.D.Usmanov, who was a worthy pupil 
and, later on, a worthy friend of the unforgettable N.V.Timofeev-Ressovsky. 

It is known that the Arabidopsis genus includes 14 species, some of which are 
available in the Central Asia. Some species are available in the North Africa, the 
Mediterranean, Europe and Siberia. "The Flora of the USSR" (1939) includes 5 species. 
The mentioned number will grow up to 8 with the inclusion of A. Wallichii (Hook.f.et 
Thom) N.Busch, A.bursifolia (D.C.) Botsch, isolated recently from other genuses, and a 
new species A.Korshinski Botsch. Seven species of the abovementioned eight are 
available in the territory of the Central Asian republics and five in Tajikistan (Yunusov 
et al., 1969). N.l.Vavilov has rightly pointed out that the unique climatic, ecologic and 
geographic conditions of Tajikistan stipulate its rich morpho-physiological diversity. 
Tajikistan is an acting evolutionary arena, one of the loci of the intensive form-building 
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processes. Five species of the Arabidopsis genus growing in Tajikistan represent a 
natural polyploid set: A.thaliana, 2n = 10; A.Wa/lichii, 2n = 16; A.mollissima, 2n = 26; 
A.pumila, 2n = 32; A.korshinski, 2n = 48 (Fig. I), as well as 8 ecotypes of Arabidopsis: 
Anzob, Vakhsh, Tajik, Kurama, Shugnan, Rengentau, Turkestan, Kharangon, and 
populations at different altitudes: Kondara, 1100 meters above the sea level; Khodja
Obi-Gharm, 1800 meters; Sorbo, 2200 meters; and Shokhdora, 3400 meters. 

O • ./,. t/vduu.a 
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+ A . to-cdlinl.u. 

Figure I. Map of Tajikistan with the marked locations of growth of the Arabidopsis species. 

2. MATERIALS AND METHODS 

Mainly, the work on the cultivation of the Arabidopsis mutant forms and their 
collection, study and experiments have been carried out at the Biologocal station 
"Siekukh" of the Institute of Plant Physiology and Genetics of the Academy of 
Sciences of the Republic of Tajikistan. It is located on the southern slope of the Ghissar 
range at the altitude of 2300 meters above the sea level, 73 km north of Dushanbe. 
Plants were grown on special experimental plots annually starting from June to 
September-October. 

Arabidopsis was also grown in the greenhouse of the Genetics Department 
(Dushanbe, 800 meters above the sea level) as well as in laboratories on agar in test 
tubes and Koch dishes (aseptic culture) under the light installation in strictly control 
condition (Veleminsky and Gichner, 1964; Ivanov, 1974). 
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Methods of experimental mutagenesis, genetic analysis, cytological, biochemical 
and biophysical methods were used in this work. The experimental data obtained 
underwent statistical processing according to the commonly accepted methods. 

Currently, the genetic collection of Arabidopsis of the Genetics Department of the 
Institute of Plant Physiology and Genetics contains more than 400 samples - different 
races, populations, ecotypes and mutant forms 

3. RESULTS 

3.1. THE MUTATION ANALYSIS OF THE PHOTOSYNTHETIC APPARATUS 
CHARACTERISTICS 

During the study of patterns of induction of photosynthetic mutations in Arabidopsis 
by mutagens we followed the common radiobiological experimental methodology, 
where the main condition is the plotting of "the dose-effect" (DE) curves in the 
maximum range of doses, possible for the characteristics under study (Timofeev
Ressovsky et al., 1968). 

Ionizing radiation - X-rays (XR) and gamma radiation (GR); protons and alpha rays 
(P and a); and supermutagens: nitrozomethylurea (MNU), nitrozomethyl biureth NMB), 
nitrozoethylurea (NEU), ethylene imine (El) and ethyl methane sulphonat (EMS) have 
been used as mutagens. 

It has been established for the most of the genes, determining the characteristics of 
the photosynthetic apparatus that they react in a different manner to the mutagen 
impact. To compare the genetic impact caused by different mutagens in Arabidopsis, 
the index of "the degree of sterility" was used as a standard curve (Muller, 1963). 
Comparison of the frequency of chlorophyll mutations caused by NMB, NMU and XR 
at the different degrees of sterility has shown that at a low level of sterility (up to 8%) 
mutation yield curves of the mentioned mutagens are practically congruent. This 
indicates the identical impact of the compared mutagens on a cell, i.e. that the lethal and 
mutagen effects have common mechanisms in this case. There is the most clear-cut 
distinction between mutagens at the interval of sterility from 10% to 30%. The 
maximum number of mutations is noted at the use of NMB, then NMU and XR, though 
the comparison of the genetic impact at higher levels of sterility leads to unclear results. 
The abovementioned allows making a very important methodical conclusion: evaluate 
the relative genetic efficiency of the mutagens under study, it is necessary to plot DE 
curves on many experimental points and compare them with each other. Otherwise, the 
conclusions will be erroneous. 

The phenotypic spectra have been plotted (Fig.2) for the evaluation of the specificity 
of the mutagen impact in induction of different levels of mutations. In this figure, the 
mutants are arranged according to the increasing frequency of mutations of the viridis 
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class. Therefore, according to the efficiency of causing of the mutation frequency of this 
class, the mutagens arrange as follows: NMU, NMB, P, XR and GR, alpha rays, EMS, 
NEU and EE. According to mutations of the xantha type this order looks as follows: El, 
a-particles, EMS, P, NEU, XR and GR, NMB and NMU. 
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Figure 2. Phenotypic spectra of chlorophyll mutations induced by different mutagens. I - mutagens; II - number of the 
mutant families. I - albina; 2 - xantha; 3 - viridis; 4 - others. 

The Figure 2 shows that the heavy charged particles in the spectrum do not have 
mutations of the albina type. Possibly, it is indicative of the specificity of the P and a
particles impact on the genetic apparatus (Usmanov, 1984). 

It should be pointed out that the share of the chlorophyll mutations is significant 
among the experimentally caused mutations (Robbelen, 1963; Ivanov, 1974; 
Gostimsky, 1981; Sidorova, 1981; Usmanov, 1984; Usmanova, 1990). Therefore, the 
chlorophyll mutations are widely used in the mutation research as a handy test-system 
for the quantitative characteristic of the mutation variability of plants. 

In order to obtain the point (chlorophyll and morphological) and the genome 
(polyploidy) mutations of Arabidopsis its seeds and pollen grains of the race Dijon, 
Enkheim and Columbia were exposed to X-rays and processed by EMS and colchisine. 
For the X-rays (Fig.3) the linear correlation of the yield of the chlorophyll mutations 
according to the dose of radiation is established at the maximum of 32 kg, while for 
EMS the exponential correlation of the yield of mutations at the maximum of 24 mM 
(Usmanov, Usmanova; 1980; Usmanova, 1982). 
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Figure 3. Dependency of the recessive chlorophyll mutations frequency in the A.thaliana (A - Dijon race; B - Columbia 
race) on doses of the X-ray irradiation of the pollen and the EMS concentration (processing of seeds). On the X-axis: 
dose is in kr; concentration is in mM. On the Y-axis: average number of mutations (M) per 100 diploid cells. 

The impact of the UV (l.=254 nm) on the pollen, and the impact of the natural UV 
radiation on the pollen and plants of Arabidopsis has been studied. Trial experiments 
have shown that the UV radiation (l,.=254 nm) in the interval of 60-120 minutes caused 
inactivation of the pollen grains. The results of the basic experiments have shown that 
the frequency of the dominant embryonic lethal mutations increased naturally according 
to the radiation dose. 

UV dose, min 0 8 16 24 32 

Embryos under study 2,026 924 1,132 1,054 1,202 

Lethal among them, % 4.1 14.5 33.5 52.8 68.4 

Average number of embryos 48 51 52 53 48 

in a seedpod 

During the special experiments the lack of photo-reactivating impact of the light and 
the dark repair during or shortly after the UV irradiation of the pollen has been proved. 
The results obtained during the study of the mutation variability of Arabidopsis and the 
variability of the genotypic structure of the model populations of Arabidopsis and wheat 
allow to assert that the UV-B is the factor of selection impacting the direction of micro
evolutionary processes in the populations of the higher plants. Most probably, this is the 
role of the high mountain UV radiation in the process of the morphogenesis of the 
higher plants (Usmanov et al., 1980; 1987, 1994). 

3.2. GENETIC ANALYSIS AND EVALUATION OF THE NUMBER OF GENES 
DETERMINING THE PHOTOSYNTHETIC APPARATUS CHARACTERISTICS 

The mutational and hybridologic methods of analysis of the genotype structure 
allowed carrying out the inventory of karyogenes determining the photosynthetic 
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apparatus characters. To receive the objective evaluation of the number of genes 
determining the character ''the chlorophyll insufficiency", two successive stages of the 
experimental work should be carried out. At the first stage the frequency of mutations is 
determined by any mutagen, and the phenotypic spectrum of mutations is plotted. At the 
second stage determine the number of genes for a definite phenotypic character (phene) 
by the cross-breeding on the allelism. The second stage of the experiments is very 
labour-intensive, as is known. And, it is advisable that one should use the method 
without that stage, or bring it to the minimum. This idea was assumed as a basis of our 
method. To evaluate the number of genes determining any character, one can limit 
him/herself by the first stage of the experiment, and instead of the second stage use the 
following formula: 

- P;j n.--, 
I PO} 

where n; is the number of genes determining A; - the character of the plant (i=O, I .... ,N); 
P iJ is the frequency of mutations P iJ character under the influence of B1 - mutagene 
(j=l,2, .... M). The values of n and Po} are determined from the reference experiment 
over the A0 character (in our case A0 is thefuska character), and PiJ is ascertained during 
the experiment on determination of the phenotypic spectra of mutations. In order to 
calculate the number of genes we accepted n=l2 (adopted from Muller's work (Muller, 
1972) by the fuska character, and PiJ : P0 ; = 40 (ascertained in our experiments 
independently of Muller). Then, it follows from the offered formula (as a result of 
calculation), that n; - 500, i.e. the mentioned number of the genes of the Arabidopsis 
genotype determines the characters of the chlorophyll genesis and the lamella system of 
chloroplasts (Usmanov, 1984). 

One of the main results of the genetic analysis was a significant expansion of the 
available collection by new genetically pure lines of Arabidopsis, whose chromosomes 
are marked with multiple signal genes. These and other genetically pure lines of 
Arabidopsis essentially alleviate the labour-intensive genetic analyses and are used by 
scientific research groups. 

During some special experiments some photosynthetic mutants of Arabidopsis were 
cross-bred with the tester lines vc 'er, gl 'an and lu 'co in order to determine the coupling 
groups. For the random sampling, including 34 genes, determining the photosynthetic 
apparatus characters, the following distribution of the mutant genes on the chromosomal 
coupling groups was obtained. In the first group: atroc, atvi 1, atvicos 1 and 2, cif 1, cif 
3, flavi 4, vimac 2; in the second group: sid, xa 1-9, viluts 1; in the third group: a/mac 2, 
bf, clavi 17, lu 1, tr 2; in the fourth group: as 3,ch 13, xa 1-5, xas 1-1, 1-2, 1-3, 1-4, 1-5, 
vimac 6; in the fifth group: cla, chloti, jlavi 1-1, 1-2, 1-3, 1-4, 1-5, jlavici, tr 1. It 
follows from the above, that the genes determining the photosynthetic apparatus 
characters are located in all five chromosomal coupling groups of Arabidopsis 
(Usmanov, 1984). 
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It is significant that in the overwhelming maJonty of cases the photosynthetic 
mutations induced by ionizing radiation and chemical mutagens in Arabidopsis are the 
monofactorial disjoining recessives, i.e. they have a nature of the point (gene) 
mutations. Along with this, some cases showed that the phenes of the chlorophyll 
insufficiency can be stipulated by both chromosome mutations located in the first and 
the third chromosomes, and by mutations of the plastid genes. 

3.3. PHENE ANALYSIS AND PHENE GENESIS OF THE PHOTOSYNTHETIC 
APPARATUS 

The research of patterns of the genotypic variability of plants has found that the 
genotypic differences (the genotypic environment) of plants stipulated by the point and 
chromosome mutations have a significant impact on the character of the interactions 
and interrelations of the cell organelle. The received mutant forms of Arabidopsis 
differed by the big phenotypic variability and this phenomenon allowed to study the 
phenotypic display and photosynthetic mutations for determination of the adaptive 
potentials of the mutant genotypes. 

Variation of the composition of the agar nutritive medium had a significant impact 
on the Arabidopsis mutants. As a result, some lethal mutants of Arabidopsis reached the 
phase of fruitification (without nutritive additions lethal seedlings usually die at the 
stage of cotyledonary leaves within 2-18 days from the date of emergence of seedlings). 
The cultivated plants were typical dwarfs evenly coloured yellow (79 xa, 127 xa) and 
whitish (9al), i.e. the normalization did not take place by the character of the colour of 
plants (Usmanov et al., 1978). Analysis of the ultra-structural organization of the cell 
components has shown that the plastid completely lacked the lamella structures; 
however, the genetic blockage of the development of the plastids caused the growth of 
the number of mitochondrion: 

Lines The number ofplastids The number of mitochondrion 

En 8±0.14 9±0.13 

79 xa 3±0.13 15±0.20 

127 xa 3±0.14 16±0.17 

It is interesting to point out that the growth of the number of mitochondrion was 
accompanied with the good development compared to the norm of their membranous 
organization. This fact speaks well of the idea on the functional interchangeability of 
the energy transforming organelle of the plant cell (Gofmann, 1971 ). 

The results show that the energy needed for the biosynthesis ensuring growth and 
development of the mutant plants is delivered exclusively by mitochondrion which 
works with the increased functional load in the lack of the normal chloroplasts. 
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During the study of the biochemical mutant virido-albina 4013 the new evidence of 
the availability of competitiveness between chloroplasts for the product of metabolism, 
amino acid leusine, has been received. The leusine deficit caused by the impact of the 
mutant gene leads to creation of the undeveloped plastids and the normal chloroplasts 
inside the same cell (the so-called, pseudo-mixed cells, in contrast to the real, 
characteristic of the cytoplasmic chloroplast mutants). Addition of leusine into the 
nutritive medium (D,L - 200 mg/liter) led to the finalization of the chloroplast genesis 
and complete recovery of the chloroplasts ultra-structure, and extinction of the pseudo
mixed cells in the mutant. The concrete mechanism of the formation of hetero-plastids, 
i.e. the pseudo-mixed cells, in contrast to the real mixed cells, formed under the 
influence of the plastid mutations, has been found (Abdullaev et al., 1972). 

Based on the experimental data (Usmanov et al., 1978) and the results of many other 
authors, the patterns of the phylogenetic, the ontogenetic, the paratypic and the 
mutational variability of the photosynthetic membranes systems of the representatives 
of different systematic plant groups have been analyzed. It allowed to establish the 
homology of the variability of the photosynthetic membranes stipulated by the mutation 
events both the genome and the plastome, and by the environmental conditions, in the 
cells of prokaryotes and eukaryotes. 

The mutational variability of the chloroplasts of the higher plants depicts, 
practically, all types of structures represented in the scheme on the lower floors of the 
evolutionary spiral. This testifies to the fact that the chloroplasts of the higher plants 
preserve the historic chronicle of emergence and improvement of the photosynthetic 
membranes in their genotype. 

It is necessary to draw attention to the point mutations of the genetic systems of the 
cell, which almost always lead to the emergence of the types of the membrane systems 
located on the lower floors of the evolutionary spiral. 

To study the genetic control of the dimensions and the number of chloroplasts both 
the gene and the genome mutations were used. The dimensions and the number of the 
chloroplasts in the cells of the cancellous mesophyll of the first pair of the real leaves 
were studied on the five species of Arabidopsis genus growing in Tajikistan, and 
forming the polyploid row (2n=l 0, 16, 24, 32 and 48; (Fig.4). 
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Figure 4. Interrelation between number of chromosomes (n), chloroplasts diameter (dark circles) and average number of 
chloroplasts (light circles - N) in cells of cancellous mesophyll in five species of the Arabidopsis genus. 

The results of the regression analysis have shown that the increase of the number of 
the chromosomes correlates positively with the number of the chloroplasts. For the 
coefficient of the regression, which characterizes the angle of the curve slope according 
to the dimensions of the chloroplasts, a reliable difference from a zero was not found 
(b=0.014±0.013; P=0.38). This testifies to the lack of correlation between the alteration 
of the number of chromosomes, on the one hand, and the dimensions of the 
chloroplasts, on the other hand (Usmanov, Usmanova, 1973; Usmanov, 1977). 
Therefore, the control of the number of the chloroplasts in the cell is carried out 
irrespective of the control of their dimensions, i.e. the number of the chloroplasts in the 
cell is controlled by the chromosome apparatus, but the dimensions are determined by 
the plastid genes. The established patterns were confirmed during experiments on the 
artificial polyploid series of Arabidopsis of Dijon and Columbia races (2n=l O; 3n=l 5 
and 4n=20), and sugar beet (2n=l 8; 3n=27 and 4n=36). 

3.4. EXPERIMENTAL MODEL SYSTEMS 

For ecological and genetic research several test-systems have been elaborated. They 
include the genetically studied heterozygous Arabidopsis plants split by the recessive 
lethal chlorophyll mutations of the al, xa and eh types (e.g., 104 xa, 127 xa, P 10/53 xa, 
etc.). The mentioned lines have a specific character - their splitting by the genotype 
corresponds to the ratio 1:2:1. As a result of the lethal mutations impact the mutant 
seedlings die in the heterozygous status in the phase of formation of the cotyledonary 
leaves. Consequently, during the period of fruitification in the second generation only 
two genotypic classes are registered: one part of the homozygous plants of the wild type 
and two parts of the heterozygous on the lethal factor plants, which, phenotypically, do 
not differ from the norm, but which are accurately indentified by the embryo-test 
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method (Muller, 1963; Usmanov, Muller, 1970). These lines are elementary by their 
structure. They represent "the micro-populations", which being reproduced give plants 
attributable to two genotypic classes at the ratio 1 :2. Shifts in this ratio under the 
influence of the natural factors allow analysis of the structural variability patterns 
impacted by the agents under study (Usmanov, 1984; Usmanov et al., 1994). 

The study of impact of the lethal mutations in heterozygous state on physiological 
processes revealed some mutant heterozygotes of Arabidopsis (9 al, 127 xa, P20!31 xa, 
19 eh, 29 eh), which statistically exceed the initial race Enkheim in the growth, the 
development and the seed productivity. This indicates the effect of the monohybrid 
heterosis. The phenotypic display of the monohybrid heterosis depends both on the 
impact of the mutant genes in the heterosis state, and on the environmental conditions, 
even if the plants have been grown under the same conditions, but in different seasons 
(Usmanov, Usmanova, 2007). This experimental model can be used as a sample of the 
scientific approach for elaboration of effective genetic and selection methods of 
increase of the crop-productive power of agricultural plants. 

A highly sensitive complex test-system was designed based on the semi-dominant 
chlorophyll mutation of the chlorine type with the recessive lethal impact. It allows the 
evaluation of the frequency of different types of mutations caused by physical agents or 
anthropogenic environmental pollutants with the minimal labour and time costs 
(Usmanov, Usmanova; 1990; Usmanov et al., 1997). 

The complex test-system allows, after a single processing of air-dry seeds of 
Arabidopsis, taking of proper account of the mutations frequency on the induction of: 

• The somatic mutations registered on the surface of the plants' leaves (the phase of 
four true leaves 14 days after seeding) attributable to different genotypic classes 
(+/+,chi/+, chi/chi); 

• The recessive, embryonic and chlorophyll lethal mutations being established by the 
embryonic (germinal) test in the seed generations of plants M 1, the generation 
grown from the seeds exposed to the mutagenic impact; 

• The lethal mutations emerging in the fourth chromosome coupling group, taken into 
consideration in M2 generation (Mednik, Usmanov, 1982a, 1982b ). 

Among the mutations impacting the structure and the function of the photosynthetic 
apparatus, allelic mutations are of the biggest interest. Their establishment through the 
genetic analysis serves as a telling argument in favour of the fact that the structure of 
the same gene is the unit of variation. 

As a result of the cross-breeding of eight chlorophyll mutants (random sampling), 
attributable to ehlorina class, three independent genes have been established (eh3, flavi 
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1-1 and ch5), which irrespective of one another determine yellow-green coloration of 
plants. Based on one gene flavi 1 six allelomorphic conditions compiling a series of 
multiple alleles have been determined: flavi 1-1, flavil-2, flavi 1-3, flavi 1-4, flavi 1-5, 
flavi 1-6, located in the fifth chromosome coupling group. Mutations in different sub
units of the same gene (jlavi 1) determining the chlorophyll insufficiency, impacting in 
a different manner all the parameters of the meso-structure and the work of the 
photosynthetic apparatus, lead, as a rule, to the visible decrease of the index of 
photosynthesis (Usmanova, Usmanov P.D., 1983; Usmanova, Usmanov, 1989; 
Usmanova et al., 1991 ). The key role in suppression of the function of the 
photosynthetic apparatus in allelic mutants plays the patterns of the ultra-structural 
organization of the system of the photosynthetic membranes of chloroplasts 
(Usmanova, 1990). 

The obtained results allowed offer the experimental model based on the use of 
allelic mutations of Arabidopsis for the study of mechanisms of sustainability and 
adaptation of the photosynthetic apparatus to the adverse environmental factors. 

Special attention deserve the unique experimental models - "the gene - stem 
fasciation", based on the coupling of the gene cla' (the morphologic mutant, fascinated 
seed pod) with the tester line lu 'co (the gene lu stipulates the altering yellow-green 
coloration of plants in the ontogenesis, the gene co determines a very delayed 
development), and the allelic mutations of the flavi series determining yellow-green 
coloration of plants and delayed development. All the signal genes cla ', lu ', co and 
flavi, as was established, are located in the same fifth chromosomal group of coupling 
(Usmanov, Startsev, 1979). For the first time it is shown that the gene c/a in 
combination with the different genes lu' co and the genes from a series of multiple 
alleles (jlavi 1-1 to flavi 1-5) on the chlorophy II insufficiency leads to the emergence of 
the new mutant forms with strongly fasciated stem (up to 25 mm). The experimental 
model based on the fasciation character can be used for the study of the genetic control 
of the photosynthetic productivity, in general, and the hereditary heterosis, in particular. 

For the first time an experimental model system consisting of 32 differently marked 
signal genes of the genetically pure lines of Arabidopsis has been elaborated. They were 
received due to multiple cross breedings between themselves and the initial Columbia 
race with the marker lines tr ', vc ', er ',g/' and an', and allowed the fruitful study of the 
phylogenetics of the complex physiological processes of the impact of the mutant gene 
in different genotypical media on the growth, the development and the productivity of 
plants. It is shown that different genotypical media has a different impact on the display 
of the genes tr ', vc ', er', g/' and an', if evaluate their actions according to the fertility 
character (weight of I OOO seeds, the number of seeds in a pod and on one plant). A 
regular decrease of values of these indices was found out depending on the number of 
the mutant genes, introduced into the genotype. Maximal values of the weight of seeds, 
the number of the seeds in a pod and on one plant were registered when solitary genes 
tr ', vc ', er', gl' and an' were introduced into the Arabidopsis genotype, while minimal 
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values were identified following the introduction of four and five mutant genes in the 
genotype of Arabidopsis. It is established that the variability of the weight of seeds and 
the number of seeds, formed on a single plant, depends on different combinations of the 
signal genes. The weight of seeds from a single Arabidopsis plant is a constant value on 
condition of introduction of one to three genes. At the introduction of four and five 
genes this index diminishes drastically (Usmanov, et al. 2000; Usmanov T.P., 
Usmanova O.V., 2007; Usmanov, 2007) (Fig.5). 
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Figure 5. Variability of the weight of seeds from one plant depending on number of mutant genes introduced into the 
Arabidopsis genotype. 

The "test-system" for determination of the impact of the factors of a space flight on 
the life activity of the higher plants including some Arabidopsis lines (En, tr ', 310) was 
approved under the conditions of imponderability on orbital space stations "SALUT 
(Author's Certificate ]'(Q 919174. Published in the official bulletin of the State 
Committee of the USSR on inventions and findings, 1982, ]'(Q 3, p.254; Usmanov et al., 
1984). 
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BJIU.HHUE MOl>UJlhHhlX rEHETUqECKUX 3JIEMEHTOB (Mr3) HA 

HECT Al>UJlhHOCTh rEHOMA Y DROSOPHILA MELANOGASTER 

Jl. 3AXAPEHKO*, M. CTEPECTEJ1Kl1HA, I0.11J111HCKl1H, 

IO. KOPOMhlCJlOB, M. BOJ10llll1HA 
H11cmumym 11umoJ102uu u 2e11emuKu CO P AH, llpocneKm AKaOeMuKa 
Jlaepe11mbeea, JO, Hoeocu6upcK, PoccUR., 630090 

Abstract-This study is dedicated to polymorphism for transposable elements in natural 
Drosophila melanogaster populations and the nature of spontaneous mutations in D. 
melanogaster laboratory stocks and strains sampled in the nature. Transposable element 
(TE) polymorphism in a natural population can manifest itself at different levels. Strains 
from one population may differ in TE quantity, quality, and distribution over 
chromosomes. The most common causes of high locus-specific instability are TE 
migration and cis-recombination of TE copies. Apparent spontaneous mutations for 
several genes recorded in highly mutable strain 3314 from Zvenigorodka (Ukraine) 
seem to be independent. Probably, the mutation in the lozenge gene is related to 
insertion of a P element, hybridizing with this locus, the more so that this allele 
demonstrates instability characteristic of insertion mutagenesis. The mutation in the 
yellow gene is likely to be caused by nucleotide substitutions, because no long DNA 
insertions have been found within this gene. The high TE polymorphism degree in 
various natural populations and the high rate of TE transposition may affect 
reproducibility in tests of the influence of environmental factors on genome instability 
in natural populations. 

Kmo11eeb1e cnoea: Mo61111bHbte reHeTH'leCKHe 311eMeHTb1; Drosophila melanogaster; 
reHeTH'leCKall HeCTa6HJJbHOCTb; cnoHTaHHblH MyTareHe3. 
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1. Bee.[{enue 

Bmrnm1e MaJibIX A03 pa,ll11au1111 Ha )1(11BOH opraH113M 11 Ha nocneAy10rn.11e noKoneH11si -

TeMa 4pe3BblllaHHO ,lll1CKycc110HHaS1, nOCKOflbKY Ha ,llaHHbIH MOMeHT cyrn.ecTByeT 

HeCKOflbKO B3al1MOl1CKnl04al01Ql1X rnnoTe3. 0AH11 C411TalOT, 4TO MaJlbie A03bl pa,ll11au1111 

none3Hbl (pa,lll1al..(110HHbIH ropMe311C ), noCKOflbKY aKTl1B11py10T a,llanTl1BHbIH OTBeT 

(Ruda and Kuzin, 1991; Turysheva et al., 2008). EcTb .ZJ.aHHbte, 4TO Afll1TenbHOCTb 

)1(113Hl1 HeKOTOpbIX BH.[{OB )1(11BOTHbIX ysenwrnsaeTCSI no)]. Bfll1SIHl1eM MaJlbIX A03 

paA11au1111 (Ky311H, 1995; Moskalev et al., 2011). 3KpaH11posaH11e )1(11BOTHbIX oT 

eCTeCTBeHHOro QlOHa pa,ll11au1111 np11BO,lll1T K pa3nl1l.fHbIM OTKnOHeHl1SIM OT 

HOpMaJibHOro pa3Bl1Tl1SI (Ky311H6 1995). ,ZJ;pyrne Cl.fl1TalOT, l.fTO MaJlbie A03bl pa,ll11au1111 

OTHOCl1TenbHO 6onee onaCHbI, 11eM 6onbllIHe A03bl, noCKOflbKY a,1J.anTl1BHbIH OTBeT Ha 

BHe11rnee B03AeHCTB11e BKn1011aeTcsi TOnbKO nocne HeKoH noporosoii A03bt. CToKa 

noporoBaSI A03a He AOCTl1fttyTa, B reHOMe HaKann11BalOTCSI nospe)l(JJ.eHl1SI (EypnaKOBa 11 

Ap., 1999). O<jl11u11anbHO noKa np113HaHa KOMnpoM11ccHasi n11Hei1Ho-6ecnoporosasi 

rnnoTe3a, nocKonbKY Ansi )1(113Hl1 o6rn.ecTBa HY)l(Hbt HopMaT11BHbte AOKyMeHTbt, 

pernaMeHrnpy10rn.11e pa6ory c paA110ttyKn11AaM11 (Mapryn11c, 1974). CornacHo 

mmei1Ho-6ecnoporosoii rnnoTe3e n106asi CKOnb yroAHO Manasi .[{03a paA11au1111 

OKa3bIBaeT nospe)l(JJ.a10rn.ee B03.[{eHCTBl1e Ha reHOM. IloTeHl..(11aJlbHO onaCHOH Cl.!11TaeTCSI 

JJ.03a, YABa11Ba10rn.asi qacTOTY cnOHTaHHOfO MYT11pOBaHl1SI. nocKOflbKY 11aCTOTa 

cnoHTaHHOro MyT11poBaH11si MO)l(eT sapb11poBaTb B np11poAHbIX nonynsiu11six B 

11rnpOKl1X npe.[{enax, a Cl1CTeMbl penapau1111 B KneTKax pa3Hoo6pa3Hbl, YHl1BepCaJibHbl 11 

aKTl1BHO <jlyHKUl10H11py10T, TO 11 A03bI, YABa11sa10rn.11e 11acTory cnoHTaHHoro 

MyT11poBaH11si, OKa3bIBa10TCS1 3Ha1111TenhHO Bbillle ecTeCTBeHHoro paA11au110HHoro <jloHa. 

Hanp11Mep, AflSI 11enoBeKa ocTpasi A03a, YABa11Ba10rn.asi 11acTOTY cnoHTaHHoro 

MYT11pOBaHl1SI B COMaT1111eCKl1X TKaHSIX, Cl.!11TaeTCSI paBHOH 1 0 cfp. 3a BCIO )f(l13Hb 

yenoBeK nonyqaeT np11MepHO 3TY )f(e .[{03Y np11 ecTeCTBeHHOM pa.[{11au110HHOM QlOHe B 

15 MKP/11ac. 

CTp111111HbI cnoHTaHHoro MyT11posaH11si MHoro1111cneHHbI 11 AO KOHUa He BbtsicHeHbI. 

0AHl1M 113 11CT01.!Hl1KOB reHeT1111eCKOH HeCTa611nbHOCTl1 SIBnsieTCSI nepeMern.eH11e 

Mo611nbHbIX reHeTl11.!eCKl1X 3neMeHTOB, KOTOpbte HaH.[{eHbl BO Bcex 113y11eHHbIX Ha 

,llaHHbIH MOMeHT opraHl13Max 11 3aHl1MalOT nopoH 3Ha1111Tenbttyl0 11aCTb reHOMa. 

Oco6eHHO MHoro Mf3 y pacTeH11H, OAHaKo, 3BOnlOUl10HHoe nono)l(eH11e B11Aa He 

3aBl1Cl1T OT Kon1111ecTBa M0611nbHblX 3neMeHTOB B reHOMe (De Bolt, 2010). 
PoACTBeHHbte B11AbI MoryT 3Ha1111TenhHO 0Tn1111aTbCS1 no coAep)l(aH1110 Mf3 B reHoMe. 

0AH11 Mf3 OTHOCl1TenbHO KOHcepBaTl1BHbl, Apyrne Bl1.[{0Cneu11<jl1111Hbl (Bartolome et 

al., 2009). Y Drosophila melanogaster on11caHo oKono 100 ceMeHCTB Mf3, Ka)l(JJ.oe 113 

KOTOpbtX npeACTaBneHo OJJ.Hl1M - ABYMSI ,1J.ecsiTKaM11 Kon11ii. BbtCOKasi reTeporeHHOCTb 

no Kon11YecTBy, Ka11ecTBY Mf3 11 non11Mop<jl113M no 11x pacnpeAeneH1110 B reHoMe 

MO)f(eT Bfll1S!Tb Ha reHeT1111ecKy10 HeCTa611nbHOCTb B np11pOJJ.HbIX nonynsiu11six. 
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Mbt wccne.D.oBa.rrn BJlHj!HHe Mf3 Ha Hecrn6HJlbHOCTb reHOMa Drosophila 
melanogaster B na6opaTOpHbIX H npHpOJJ.HbIX JlHHHgx. JloKyc-cneQHcpHlfecKag 

Hecrn6HJlbHOCTb MO)l(eT cKJia.D.bIBaTbcg H3 nepeMemeHHg Mf3 H peKoM6HHaQHH Hx 

.D.pyr c .D.pyroM. BbtCOKag lfaCTOTa cnoHTaHHoro nogsneHHg BH.D.HMbIX MyTaQHH B 

HecTa6HJlbHOH JlHHHH 3314 MO)l(eT 6bITb HHJl.Yl..lHpOBaHa KaK BHe)l.peHHeM M06HJlbHblX 

:meMeHTOB B COOTBeTCTBYIOmHe reHbl, TaK, BepogTHO, H HyKJieOTH)l.HblMH 3aMeHaMH. 

803M0)1(H0, TaKOfO po.D.a cpaKTbl B lfHCJle npOlfHX H o6ycnaBJlHBalOT nogsneHHe 

nponrnope4HBbIX nmoTe3 npH aHMH3e BJlHj!HHjj MaJlblX Jl.03 pa.D.HaQHH Ha )l(HBOH 

opraHH3M, oco6eHHO KOf)l.a pe4b H)l.eT 0 npHpOJJ.HblX nonyJlj!QHj!X, reHeTHlfeCKHH cpoH 

KOTOpbIX HeH3BeCTeH c TOlfKH 3peHHjj npeJJ.CTaBJleHHOCTH Mf3 B reHOMe KOHTpOJlbHblX 

H onblTHblX nonyJlj!QHH npH BHeurneM cpeHOTHnHlfeCKOM CXOJl.CTBe. 

2. MaTepuaJibl u MeTOJJ;bl 

B pa6oTe HCnOJlb30BanH JlHHHH Drosophila melanogaster, Bbt.D.eneHHbte H3 npHpOJl.bt 

(YMaHb H 3BeHHrOpO.D.Ka) - KOJlJleKQHj! na6opaTOpHH reHeTHKH nonyJlj!QHH 1111,Hf co 
PAH (Hosoc11611pcK), JlHHHIO y en bw sp c nonHOCTblO ceKBeHHposaHHbIM reHOMOM 

(Bloomington). 

EnoT-rn6pHJJ.H3aQHIO c P-32 KJIOHHposaHHbIM hobo JJ.eJlanH no Cay3epHy nocne 

pecTpHKQHH no Xhol reHOMHOH .IJ.HK HCCJle)l.yeMblX JlHHHH KaK OnHCaHO paHee 

(Sambrook et al., 1989). 

FISH - aHanH3 npoBOJl.HJlH Ha nonHTeHHbtX xpoMocoMax CJllOHHbtx )l(eJle3 JlHlfHHOK 

TpeTbero B03pacrn. ,lJ,HK 30HJJ.OB MernnH dUTP-bio (Me.D.HreH, Hosoc11611pcK). 

,lJ,eTeKQHIO caHTOB rn6pHJJ.H3aQHH npOBO)l.HJlH c noMomblO aBH)l.HH-FITC Ha 

cpnyopecQeHTHOM MHKpocKone "Axioskop" 2 Plus (ZEISS) c qepHo-6enoi:f CCD

KaMepoi:f VC-44 (PCO:) B QeHTpe KonneKTHBHOro nonb30BaHHg (1111,Hf CO PAH, 

HosocH6HpcK). J1cnonh30BanH naKeT nporpaMMHoro 06ecnelfeH11g ISIS3, cf>HpMbt 

METSYStems GmbH. 

CTl.],P npoBOJl.HJlH c pa3JlHlfHbtMH napaMH npai:fMepos, Hcnonb3Yg Ha6opbt 

peaKTHBOB npOH3BO)l.CTBa «Me.D.HfeH» (HOBOCH6HpCK) no npHnaraeMblM nponHCj!M. 

3. Pe3yJibTaTbl u o6cy~euue 

Mf3 MoryT o6ecnelfHBaTb BHYTPHBH.D.OBOH nomtMopcf>H3M KaK Ha 

Me)frnonyngQHOHHOM, TaK H Ha BHyTpHnonyngQHOHHOM ypoBHe. B O.D.HHX nonyngQ11gx 

(wnw oco6gx) Mf3 MO)l(eT np11cyTcTBOBaTb, B .D.pyrnx ero MO)l(eT H He 6b1Tb. Oco6H 

MOryT OTJlHlfaTbCjj .D.pyr OT .D.pyra no lfHCJlY KOnHH Ka)l(Jl.OfO KOHKpeTHOfO Mf3 B 

reHoMe, no HMHlfHIO nonHopa3MepHbIX KOnHH HJlH HX OTCYTCTBHIO (PHc. I). B 

H30CaMOlfbHX JlHHHgx, nonylfeHHbIX H3 npHpO.D.HOH nonyngQHH Drosophila 
melanogaster YMaHH (YKpaHHa), lfaCTb JlHHHH He co.D.ep)l(HT nonHopa3MepHoro 
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sapHaHTa hobo-3JieMeHTa (PHc. 1 ). Ha6op JJ.e$eKTHbIX sapHaHTOB hobo yttHKaJieH JJ.JI» 

Ka)K)J.OH H3 3THX JIHHHH, XOTJI: see OHH HMelOT pOJJ.CTBeHHOe npOHCXO)K)J.eHHe H 

COJJ.ep)!(aT BCTpOHKY OJJ.HOro H Toro )!(e sapHaHTa hobo B peryJIJITOpHOH 1.faCTH reHa 

yellow (3axapeHKO H JJ.p. 2004; Zakharenko et al. 2000). 1-lucno sapuaHTOB JJ.e$eKTHbIX 

KOnHH TaK*e MO)!(eT 6b!Tb 3Hal.fHTeJibHbIM, " MO)!(eT npu6JIH)!(aTbCJI K 'IHCJIY KOnHH 

Mf3 Ha reHOM, xou HeK0Topb1e sapuaHTbI JJ.e$eKTHbIX Konuii MoryT JJ.OMHHuposaTb 

(Zakharenko, Perepelkina, 2009; PHc 1 H 2). HanpuMep, s reuoMe JIHHHH y en bw sp 
JJ.OMHHHpyeT JJ.e<t>eKTHaJI KOnHJI: hobo JJ.JIHHOH B 1,4 T.n.o. (Puc 2). 

Heso3MO)!(HO HaHTH JJ.Ba OJJ.HHaKOBbIX rettoMa no pacnpeJJ.eJieHHIO Mr3 y 

JJ.p030$HJibl, JJ.a)!(e eCJIH 3TO JJ.P030$HJibl H3 0,[(HOH H TOH )!(e nonymIQHH . .D:a)!(e B 

H30reHHOH JIHHHH pacnpe,n;eJieHHe MofombHbIX 3JieMeHTOB B xpoMOCOMax MO)!(eT 

Memnbc.11 co speMeHeM (3axapeHKO H .np., 2007, PHc 3). B reHoMe noJIHOCTblO 

ceKBeHHposaHHOH JIHHHH y en bw sp Drosophila melanogaster JIOKaJIH3aQH» mdg 1 co 

speMeHeM He H3MeHHJiaCb (caHTbl 93F H 98C), B TO speM.11 KaK 'IHCJIO hob0-3JieMeHTOB 

Ha npe,ncTasJieHHOM <PparMeHTe xpoMOCOMbI yseJIH'IHJIOCb s TP" pa.3a (PHc. 3). 1..facTb 

cTapbIX Konuii hobo 3a 3TO speM» uc11e3Jia (Zakharenko et al., 2007), npu 3TOM HCl.fe3JIH 

B OCHOBHOM JJ.e$eKTHbie npOH3BO,D.Hbie O.D.HOro pa3Mepa (1.4 T.n.o.). 

M 

.... 
Mt7 

- -
- -• 2 It 11 U IJ 1-4 I~ 161':' I 1'1 

PHc I. Cay3epH-6nor-rn6pH.!IHJau11J1 P32 - JOH.!la (.UHK hobo-3JJeMeHra) Ha reHOMHYto .UHK 19-TH H30CaMO'lbHX JJHHHA 
HJ npHpo.aHoA nonyJJHUHH D. me/anogaster (r. YMaHb, YKpaHHa) nocne peCTpHKUHH Xhol. CrpenKoA 060JHa11e11a 
noJJHOpa3MCpH8JI KOOHJI hobo. M - M8pKepHall .UHK ('J..-Hind Ill). 

134 



6011bwasi qacTb KOOHH Mf3 .AP03o<f>HJibl .ne<f>eKTHa (PHc. I, 2) H He cnoco6Ha 
npo.nyuHpOBaTb 6eJ1KOBblH npo.nyKT, XOTH B HeKOTOpblX cnyqasix .ne<f>eKTHble KOOHH 
cnoco6Hbl K HeaBTOHOMHOMY nepeMeuteHHJO. nepeMeutaJOTc.11 Mf3 c noMOlltblO 
<f>epMeHTOB, KOTOpb1e caMH )l(e H npo.nyuHpyJOT. CllHTaeTc.11, '4TO e HeK0Topb1x cnyqasix 
B03MO)l(Ha KpoccHH.UYKUHH, Kor.na nepeMeuteHHe o.nHoro Mf3 onpe.nensieTC.!I 
aKTHBHOCTblO .npyroro. 0.UHH aeTOpb1 C'-IHTaJOT, '4TO aKTMBHOCTb Mf3 onpe.nern1eTc.11 
BHeWHHMH <f>aKTopaMM (pa.nMal.{HOHHOe 803.UeHCTBMe, TenJlOBOH WOK) (AHMKeeea H .np., 
1994; BacHnbeea M JJ.p., 1995; 3a6aHoe H .np., 1995; 6y6eHlitMKoea H .np., 2002; 
BacHnbeea, Parnep, 2000), .npyrne TaKOH 3aBMCMMOCTH He Haxo.n.11T (Tennoeoii WOK, 
nepeKHCb eo.nopo.na, .nMxnop<f>oc, y-pa.nHaUMH) (Arnault, Biemont, 1989; Arnault et al., 
1991; Arnault, Dufournel, 1994, Arnau It et al., 1997; 3axapeHKO H .np.,) . 

x 2L 2R JL JR. 

PHc 2. npellCTaeneHHOCTb hobo-JneMeHTa H ero llC<!>eKTHblX npoHJBOl!HblX e reHoMe mtHHH y en bw sp Drosophila 
melanogaster. no ocH a6cuHcc - pacnpe.lleneHHe hobo no xpoMocoMaM, no ocH opllHHaT - norapH<!>M lll1HHbl hobo
JJ1CMCHra. JloMHHHpyeT llC<!>eKTHbtl! eapH&HT hobo llllHHOI! 1400 nap OCH088HHI!. 

90D 

93F 

95D 

98C 
99BD 

Pwc. 3. floKaJ1H38UHR peTpoTpa11cno3011a mdgl (caliTbl 93F H 98C) 11 hobo--rpa11cnoJ0Ha Ha <!>parMeHTe TpCTbel! 
xpoMOCOMbl J1HHHH y en bw sp Drosophila me/anogaster no ll8HHblM in silico ( 1992 r ., cneea) H FISH (2005 r .. cnpaea). 

1-h npHpO.UHblX nonynsiuHi1 D. melanogaster MO)l(HO Bb1.ne11HTb JlHHMM, 
0611a.nat0utHe BbICOKHM ypoeHeM cnoHTaHHOH reHeTM'4eCKOH HecTa6MJ1bHOCTH. H3 
nonynHLlHH D. melanogaster (3eeHHropOJJ.Ka, YKpaHHa) 6bma Bbt.neneHa 
BblCOKOHeCTa6HJ1bHaH JlHHHH 3314, B KOTOpOH 6bIJ10 HaH.neHO HeCKOJlbKO cnOHTaHHO 
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B03HHKWHX BHJlHMbIX MyTaU.HH. CnoHTaHHble MYTaU.HH B OTBO,LJ.Kax JIHHHH 3314 6bmH 

o6Hapy)l{eHbl B rettax yellow (1A5), white (3B6) H lozenge (805-806) (PHc. 4). C 

aKTHBHOCTblO HCCJie,LJ.OBaHHblX M06HJibHbIX reHeTHqecKHX :meMeHTOB (TPaHCfl030HOB p 
H hobo H peTPOTpaHCn030HOB mdgl H mdg2) no HaWHM ,LJ.aHHblM MO)l{eT 6bITb C8j13aHO 

JIHWb flQjlBJieHHe MyTaU,HH lz, noCKOJibKY B caHTe 80 B COOTBeTCTBYIOIU,eH JIHHHH 

o6ttapy:>KeH caiiT rn6pMH3aU.HH P-3JieMeHTa (PHc. 5). MyTaUHjl lz npojlBJijlJia 

CBOHCTBeHttylO HHCepU,HOHHOMY MyTareHe3y HeCTa6HJibHOCTb, pesepTHPYjl K 

HopManbHOMY cl>eHOTHny. IlpH B03BpaTe K HopManbHOMy <t>eHOTHny P-3neMeHT H3 

caHTa 80 HCqe3aeT (PHC. 5). 

3314 lsofemale strain 

i 
3314 rase (lnegu/ar bristles) 

~~ 
3314 

Hke cut 

3314 yellow 

i 
3314 yellow, whle 

3314 lozenge 

1 
3314 lozenge+ 

3314 
singed 

3314sn + 

+ 
3314 
singed 

P11c 4. CxeMa BOJHHKHOBCHHll BHJlHMhlX M}'TIIUHA B nHHHH 3314 D. melanogaster HJ 3eeH11ropo.UKH. 

l:z5 p 

• lzS hob<> 

P11c 5. Pacnpe.ueneH11e caAToe rn6p11.!1HJau1111 P-3neMeHTa, hobo-3neMeHTa, Dm4/2 Ha X-xpoMOCOMe npo11JBO.llHb1x no 

reHy lozinge nHHHH 3314 Drosophila melanogaster 
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B MyTaHTHOM reHe yellow (e npmt3BO.D.HOH JlHHHH 3314 yellow) ecTpoeK He 

o6HapyJKeHO. ,[(JIHHa flQP-npO.D.YKTOB, noJlylfeHHbIX C pa3HblMH Ha6opaMH npaHMepoB 

(PHC. 6) c ,[(HK MyTaHTHOro reHa, coena,Aana c AJlHHOH COOTBeTCTBYIOmero qiparMeHTa 

e KOHTPOJlbHOM o6paJue Ha 3JleKTPo<l>operpaMMax e arapo3HOM rene. 3To 03Hal.aeT, 

lffO 60JlblllHX HHBepCHH HJlH ,AeJleUHH B 3TOM reHe HeT H lffO M06HJlbHbie 3JleMeHTbl 

CKOpee ecero He npHliaCTHbl K nOJIBJleHHIO MyTaUHH B reHe yellow 3TOH JlHHHH. TaKHM 

o6pa30M, nOJIBJleHHe BHAHMblX MyTaUHH B pa3HblX JlOKycax 3TOH JlHHHH HMeeT, 

BH,D,HMO, pa3JlH'IttylO npHpo.Ay. 

PeryrnrropHmi 11acrb reHa yellow 

1468 
4335 

5282 
1693 

~---... 

31C30H 1 3K30H 2 

npali1Mepb1 

,QJ1111Hbl m.w-npOAYKTOB 

4171 
582--- 1065 ----

PHC. 6. CtpyKlypa rtHa yellow D. me/anogaster H CXCM8 nUP·aHanH38 rcHa yellow HJ OTBO.!IKH 3314 yellow. 

Pacnpe,AeneHHe Mf3 Ha X-xpoMocoMax 11ccne,D,yeMbIX JlHHHH qpe3BbI'IaHHO 

eap11a6enbHO, 'ITO cBHAeTeJlhCTeyeT o BbICOKOH cKopocTH nepeMemeHHR Mf3, B3RTbIX 

B aHaJIH3 (PHC 5, 7). 06hI'IHO nOBbIUieHHWI aKTHBHOCTb B KOHKpeTHOH JlHHHH 

xapaicrepHa JlHUib AJlJI OTAeJlbHbIX THnoe Mf3. B HaUien cwryauHH aKTHBHbJ ece 

11ccne.noeaHHb1e Mf3, 'ITO THnH'IHO AJlJI ecnhIUIKH MyTa611nhHOCTH. MYTaHTHbJe 

OTBO,D,KH coxpaHJIJlH B na6opaTOpHH 6naro,D,apJ1 CKpemHBaHHIO HCKJllO'IHTeJlbHblX 

caMuoe c caMKaMH co cuenneHHbIMH X-xpoMocoMaMH. BoJMO)KHO, HecTa6HJlbHOCTb 

reHoMa JlHHHH 3314 no MYTaUHJIM lz, y, en HH.D.yu11pyeTcJ1 HJlH, no KpaHHeH Mepe, 

OT'IaCTH yc11nHeaeTcJ1 cKpem11eaHHeM c 6anaucepuoJ.f JlHHHeH e nocne,D,yiomHx 

nOKOJleHHRX, nOCKOJlbKY CKpemHBaHHe reorpa<l>H'IeCKH H/HJlH reHeTH'IeCKH y.naneHHblX 

pOJlHTeneH y .D.P030<l>HJ1bl MO)KeT HHJlYUHpoeaTb rn6pHJlHblH JlHCreHe3, 

npoJ1BJlJ110ll.lHHCJ1 e pa3nH'IHbIX reHeTH'IeCKHX HapyUieHHJIX. HecTa6HnbHOCTb e reHoMe 

JlHHHH 3314 MO)KeT 6b1Tb o6ycnoeneHa TaK)Ke JlHCreHHblMH CKpelUHBaHHRMH Ja C'IeT 

reHeTH"leCKOH reTeporeHHOCTH npHpOJlHOH nonynJIUHH HJlH HapyUieHHRMH B CHCTeMe 

penapaumc1 (cM, uanpHMep, KoeaneHKO H Jlp., 2006; 3axapeHKO H Jlp., 2007; 
Zakharenko and Perepelkina, 2009). 
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3314 p 

• 331• hobo 

yellow P 

• yellow hobo 

_ yellow 412 

ywP 

• yw hobo 

- yw 412 

r.yw mdg1 

PHc. 7. Pacnpe.neJieHHe cal!TOB rn6pH.llH3aUHH P-3JICMCHT3, hobo-3JICMCHTa, Dm412 H mdgl Ha X-xpoMocoMe JIHHHH 
3314 strain Drosophila melanogaster H ee npOH3BO.llHbJX. 

B p11.n:e cny11aeB y Drosophila melanogaster o6Hapy:lKHBaJIH n0Kyccneumt>H11ecicyio 
HecTa6HJibHOCTb, o6ycnoBneHuyJO BHe.n:peHHeM Mf3 e HHTpOH HJIH peryn11Topuyio 
3ouy reHa (Zakharenko et al., 2000, 3axapeHKO H .n:p., 2004). HecTa6HJibHOCTb e :noM 
cnyqae cKJia,n:brnaeTc.si: H3 nepeMeI.QeHH.si: Mf3 u peKoM6HHaUHH ux .n:pyr c .n:pyroM. 
Enaro.n:ap.si: peKoM6HHaUHJIM Me)l(,l{y pa3HOHanpaeneHHbIMH Mf3, B03MO)l(Ha 6hICTpa.si: 
CMeHa <f>eHOTHnOB OT MyTaUHH K HOpMe H o6paTHO. qaCTOTa MYTHPOBaHHJI B TaKHX 
JIOKycax MO)l(eT .ll.OCTHraTb 10"1 - 10"2 Ha CaHT Ha reHOM 3a nOKOJieHHe H MO)l(eT 6bITb 
o6ycnoeneHa HHBepcH.si:MH H peHHBepcHJIMH Me)l(,l{y .n:eyM.si: pa3HOHanpaeneHHbIMH Mf3 
(Eggleston et al., 1996). HueepcHH, OKaHMJieHHbie .ll.BYMJI Mf3, uaxo.n:.si:T B npHpo.ll.HbIX 
nonyn.si:uu.si:x (Sniegowski and Charlesworth 1994; Casals et al., 2003). 0.n:uaKo 
o6pa30BaHHe MHOrO'IHCJieHHbIX BttyTpHXpOMOCOMHbIX HHBepCHH, OTJIH'lalOI.QHX 0.ll.HH 
BH.ll. .n:po3o<f>HJI OT .n:pyroro, ue ce.si:3aH c M06HJibHbIMH 3JieMeHTaMH. .6naro.n:apJ1 no11TH 
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nOJlHOMY CHKBeHcy 12 reHOMOB .Llp03oqrnn nOKa3aHO, lfTO 6onee lfeM y nOJlOBHHbl H3 29 

npoaHaJ1H3HpoeaHHbIX 3BOJ1IOUHOHHO 3aKpenHBlllHXCjj HHBepCHH Ha KOHuax HaXOJJ.j!TCjj 

JJ.ynnHKauHH YHHKaJlbHbIX nocneJJ.OBaTeJlbHOCTeH (Ranz et al., 2007). 

3HalfHMOCTb Mf3 JlJljj 3BOJ1IOUHH .no KoHua He noHj!Ta, nocKOJlbKY O.LlHH ClfHTalOT 

Mf3 napa3HTHlfecKoi1 KOMnoHeHTOH reHOMa, .npyrne OTBO.J:lj!T ei1 3HalfHTeJ1bHYIO ponh 

B 3BOJ1IOUHH. c 0.LlHOH CTOpOHbl nOj!BHJlCjj TepMHH «3K30HH3aQHj!}) M06HJ1bHbIX 

JJleMeHTOB, Kor.na cl>parMeHTbI Mf3 CTaHOBjjTCjj lfaCTblO cl>YHKllHOHHpy10w.ero reHa H 

BXO.J:lj!T B COCTaB 3K30HOB (Lipatov et al., 2005). lfa Mf3, HanpHMep, cct>opMHpoeaHbl 

TenoMepbt y Drosophila melanogaster (Pardue and DeBaryshe, 2008). C .npyroi1 

crnpoHbt, Mf3 HaKann1-1sa10TCjj e HeaKTHBHbIX pai1oHax xpoMOCOMbI (HHTepKanjjpHoM 

reTepoxpoMaTHHe, xpoMoueHTpe, e Me)KreHHbIX cnei1cepax). 

BbtCOKajj rereporeHHOCTb no Mf3 e npHpOJJ.HbIX nonyJlj!Ql-fj!X H BbICOKajj CKopocTb 

nepeMemeHHjj Mf3, ycno)KHSleT Hccne.noeaHHe BJlHj!HHjj BHelllHHX cl>aKTopoe (e TOM 

lfHCJle BJlHjjHHe MaJlblX .Ll03 pa.nHaQHH) Ha reHeTHlfeCKYIO HeCTa6HJ1bHOCTb B 

npHpO.LlHbIX nonyJlj!Ql-fj!X. Bo3MO)KHO, 3TOT ct>aKT B lfHcne npolfHX H 06ycnasn1-1saeT 

TaKOe pa3H006pa3He npOTHBOpelfHBblX rnnoTe3 npH aHaJ1H3e BJ1Hj!HHSI MaJlblX .Ll03 

paJJ.HaQHH Ha )KHBOH opraHH3M. 

Pa6orn 6btJ1a lfaCTHlfHO noMep)KaHa rpaHTaMH P<l><l>H 09-04-002 l 3a H 09-04-

00872-a, rpaHTOM .623.29 H .623.30 npe3H.Ll1-fYMa PAH. 
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Abstract. Here we discuss the possible contribution of DSB DNA repair and 
chaperone systems for the formation of genotype resistance to oxidative stress and the 
possible correlation between cells' genotype resistance and the magnitude of adaptive 
response (AR). Mutant strains of Chlamydomonas reinhardtii showing different levels 
of gamma- rays, paraquat- and zeocin-resistance as well as species Chlorella isolated 
from habitats with extreme environmental conditions are used as a model system. On 
the basis of results obtained it could be speculated that genotype resistance to oxidative 
stress may not always correlate with the initial level of DSB induced, but rather with 
higher DSB repair capacity and higher content of constitutive HSP70B. Our results 
concerning the relationship between genotype resistance to oxidative stress and adaptive 
response confirm our previous suggestion that up-regulated DSB DNA rejoining could 
be considered as one of the mechanisms involved in the formation of AR in this 
organism. New data are provided that strains with a relatively lower genotype resistance 
demonstrate a stronger AR. On the other hand the higher genotype resistance of strains 
did not abrogate their competence to adapt. A relationship between DNA repair capacity 
estimated on the basis of single dose treatment and the DNA repair capacity estimated 
on the basis of the AR is obtained. 
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1. Introduction 

Organisms are continuously subjected to naturally occurring changes and additionally 
to disturbances originated by human activity. The impact of these changes on whole 
ecosystem depends on the response of single organism. During the evolution many 
defense strategies have been developed in organisms to minimize/overcome the 
potential harmful action of environmental stress and to increase cell tolerance or 
adaptation to oxidative stress. 

The term adaptive response (AR) generally refers to the phenomenon that low-dose 
exposure to a genotoxic agent can protect cells from a subsequent damaging high-dose 
exposure (Joiner et al., 1996, 1999; Wolff, 1998; Patra et al., 2003; Asad et al., 2004; 
Girigoswami and Ghosh, 2005; Yan et al., 2006; Dimova et al., 2008). Accumulating 
data in the literature strongly suggest that some defense mechanisms probably 
underlying the AR could involve acceleration of DNA repair, de novo synthesized 
proteins; activation and/or partial contribution of the antioxidant system, chaperone 
accumulation, more efficient detoxification of free radicals etc. (Miura, 2004, 201 O; 
Coleman et al., 2005; Lanza et al., 2005, Dimova et al., 2008). A well known 
hypothesis is that the AR may be triggered by some low level of primary induced DNA 
double-strand breaks (DSB) which could probably serve as a signal for activation of 
DSB repair (Boreham, and Mitchel, 1991; Wolff, 1998; Matsumoto et al., 2004, 
Chankova et al., 2009). 

For example, it has been previously shown by us that model C. reinhardtii strains 
could develop strong radiation-, zeocin (Zea)- or paraquat (PQ)-induced AR involving 
accelerated rejoining of DSB (Chankova and Bryant, 2002; Chankova et al., 2005a, 
2007; Dimova et al., 2008, 2009). Intriguingly, heat pretreatment (37-42°C) was not 
sufficient to induce a statistically significant increasing of DSB in C. reinhardtii strain 
CW15 and did not induce AR to test dose gamma rays irradiation in the form of 
accelerated DSB rejoining (Chankova et al., 2009). 

At present, however, there is limited evidence whether there could be a correlation 
between genotype resistance (i.e. single cell radio-/chemo-resistance) and the capability 
to develop AR. The published data are still insufficient and the relationships between 
cell resistance and the ability to develop an AR are difficult to predict. For example, it 
has been proposed that certain tumors which are difficult to cure by X-rays may exhibit 
a strong induced radio-resistance (Ward, 1988). Some radio-sensitive tumor lines and 
cells of ataxia telangiectasia patients do not show an AR in the form of induced radio
resistance (Lambin et al., 1994). On the other hand Zasukhina et al. (2000) reported that 
the level of radiation-induced AR was the same in blood cells of patients with Bloom 
syndrome (human autosomal recessive disorder with chromosomal instability and 
increased risk of malignancy at an early age) as that in cells from healthy donors. For 
better understanding of some mechanisms involved in the formation of genotype 
resistance and adaptive response (AR) in plants, mutant strains of C. reinhardtii with 
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different level of radio- and chemo-resistance as well as algae from habitats with 
extreme environmental conditions have been used as a model system. 

Our hypothesis is that resistant to oxidative stress mutant strains and algal species 
isolated from habitats with extreme environmental conditions would have similar and/or 
more efficient cellular defense mechanisms. 

We address two main questions: What is the possible contribution of DSB DNA 
repair and chaperone systems for the formation of genotype resistance to oxidative 
stress? Is there a relationship between genotype resistance to oxidative stress and the 
magnitude of adaptive response (AR) in micro- algae? 

2. Why micro-algae have been chosen as a model system? 

Unicellular green algae have been developed into a "good" test-system in modern eco
toxicology and for studying of genotype resistance and AR for several reasons: 
cell/organism, with a simple life cycle, relatively inexpensive experimental conditions 
and methods for cultivation, a growing array of tools and techniques for molecular 
genetic studies, quick methods with good resolution, sensitivity, potential for 
extrapolation of results obtained to higher plants, easily isolated mutants with different 
levels of radio- and chemo-resistance etc (Chankova et al., 2005a, 2005b, 2007; 
Dimitrova et al., 2007; Dimova et al, 2008, 2009). 

On the other hand an understanding of the molecular mechanisms of genotype 
resistance to oxidative stress and adaptive response exhibited by mutant strains of 
Chlamydomonas reinhardtii may lead us to a deeper understanding of plant cells 
response to oxidative stress in general. This organism is particularly interesting from the 
point of view of its powerful adaptive response to radiation (Bryant, 1968, 1975, 1976; 
Boreham and Mitchel, 1991; Chankova and Bryant, 2002), and in addition it promises 
to provide indirectly further insight into the adaptive response of normal and malignant 
human cells at low radiation doses (Joiner et al., 1996, 1999). Up to now, most studies 
of repair on C. reinhardtii have focused on nuclear and extra nuclear DNA using mutant 
repair-deficient strains (Small, 1987; Vlcek et al., 1987, 1995, 1997; Podstavkova et al., 
1992, Miadokova et al. 1994). However, radio resistant mutants are scarce (Chankova et 
al., 2000, 2001, 2005a). We have been interested in the question about whether radio 
resistant and chemo- resistant strains of this organism would, in addition to its 
resistance in single-dose experiments, show an adaptive response to oxidative stress in 
split-dose experiments. The main characteristics of C. reinhardtii strains and Chlorella 
species are presented in Table 1. 

3. Genotype resistance to oxidative stress 

Previously it was described by us that radio resistant genotype of Chiarella vulgaris and 
Chlamydomonas reinhardtii would be characterized with increased SSB DNA repair 
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efficiency (Chankova et al., 1994, 2000), higher levels of constitutive SOD, SH-group, 
pigments, especially carotenoids and chl"a" (Chankova et al., 1990, 2000), and stability 
of the ultrastructural cell components or/and of the presence of cell wall (Chankova et 
al., 2000). Furthermore we aimed to throw more light on the contribution of initial level 
of DSB DNA, repair efficiency and constitutive levels of HSPs for the formation of 
genotype resistance. 

Table 1 Characterization of strains and species of micro-algae 

C. reinhardti i strains 

137C 

AK-9-9 

CW15 

H-3 

Chlorella species 

Chiarella kessleri 

Chlorella sp. 

Chiarella vulgaris 
strain 8/1 

Characteristics 

Wild type (WT), (Smith, 1946); St Petersburg collection 

Obtained by chemical mutagenesis (Chankova, Frolova and Hromov

Borisov, 1990, St Petersburg University), Can res, radioresistant, 

cross-resistant to Zeo and PQ (Chankova et al, 2000; 2001; 2005; 

2008; Dimova et al, 2008) 

Culture Collection of Algae and Protozoa (CCAP l l/32CW15+), 

Ambleside, UK; cell-wall-less with WT radio resistance (Darling 

1993; Chankova et al, 2001) 

Hybrid strain, obtained by Chankova and Bryant (Chankova et al, 

2000, 2005), radio resistant, cross - resistant to Zeo and PQ (Dimova 

et al, 2008, 2009). 

Mesophilic, isolated from USA freshwater, axenic, 
mainly used for fundamental research, from Czech 
collection 
Antarctic - psychrophilic, isolated from soil on the island 
of Livingston, the South Shetland archipelago 
Thermophilic strain, isolated in 1968 from the thermal 
spring (t = 40-50° C) near by Petrich (Bulgaria); during 
20 years laboratory cultivated at room temperature 

In order to test our hypothesis that algal species isolated from habitats with extreme 
environmental conditions could be used as a model for the investigation of genotype 
resistance to oxidative stress, the responses of three Chlorella species to UV-B 
irradiation, Zeo and heat treatment are compared. A large range of doses of UV-B 
irradiation, A.= 312nm (BLX, Life Technology, UV crosslinker), Zeo concentrations and 
temperatures are applied. As a first step cells' response of Chlorella sp (antarctic), 
Chlorella vulgaris 811 (thermophilic) and Chiarella kesslery (mesophilic) is examined 
on the basis of various endpoints - spot-test, micro-colonies assay and growth rate. 
Species resistance to oxidative stress is evaluated on the basis of LD20, LD50 and LD90 
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(Chankova et al., 2005a, b). Our pilot results show that Chlorella species differ in their 
response. The most pronounced growth rate and cell survival are calculated for Ch/orella 

sp. It is also found that Chlorella species are photo reactivation proficient and differ in 
their capacity to overcome harmful effect of UV-B. Species resistance to UV-B induced 
stress could be arranged in the following order depending on post irradiation conditions: 
Ch.sp>Ch. vulgaris811 =Ch.kesslery (samples with photo-reactivation) and 
Ch.sp>Ch. vulgaris8/l>Ch.kesslery (samples without photo-reactivation). 

3.1. ON THE ROLE OF INITIAL LEVEL OF DSB DNA FOR THE FORMATION OF 
GENOTYPE RESISTANCE 

In our paper (Dimova et al., 2008) we describe that the level of DSB DNA induced 
by single PQ treatment is higher in strain CW 15 comparing with that for strain 13 7C. 
No statistically significant increasing in the level of DSB is found for the radio-resistant 
strains H-3 and AK-9-9 even at high concentrations. For the same strains an increasing 
of DSB induced by single Zeo treatment in a concentration depended manner up to 
about I 00 µg mr1 is shown (Dimova et al., 2009). Above this concentration the dose 
response curves levelled out to a plateau. As a whole, no statistically significant 
differences are observed between DSB values in strains 137C, AK-9-9 and H-3. One 
way ANOV A with Tukey multiple comparison test confirm that these three strains have 
a similar Zeo resistance in terms ofDSB induction in the range of 10-300 µg mr1• The 
level of DSB is higher for strain CW 15 (Chankova et al., 2007; Dimova et al., 2009). 

3.2. ON THE ROLE OF DSB DNA REPAIR EFFICIENCY FOR THE FORMATION OF 
GENOTYPE RESISTANCE 

To clarify the contribution of DNA repair factor in the formation of genotype 
resistance to oxidative stress, repair capacity of strains is analyzed. Our results indicate 
that differences in Zeo resistance not always correlate with the initial level of DSB 
induced, but rather with higher DSB repair capacity (Table 2). 

Table 2 Repair capacity of C. reinhardtii strains after single dose treatment with Zeo 
and PQ. Mean data from at least 3 independent experiments. 
Treatment ZEO PQ ZEO PQ ZEO PQ ZEO PQ 

Recovery time lh 2h 3h 4h 

137C 1,37 1,44 1,35 1,46 1,44 2,11 1,61 2,74 

CWl5 1,10 1,30 1,14 1,96 1,25 2,49 1,30 2,56 

H-3 2,42 3,70 5,54 10,42 

AK-9-9 1,81 2,23 2,91 2,96 
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These results are in agreement with the findings of other authors (Eguchi-Kasai et 
al., 1991; Ramotar and Wang, 2003). Moreover, DNA repair has been pointed out as 
probably the most crucial mechanism employed by cells to avert bleomycin-induced 
genotoxicity (Schaue and McBride, 2005). However, it is likely that, apart from DNA 
repair, other factors such as chromatin structure, mutations, cell cycle, altered DNA 
damage checkpoint response, defective apoptosis, or cell wall maintenance, etc. could 
also play a critical role toward determining cell resistance or sensitivity (Bao et al., 
2006; Chalmers, 2007; Strasser et al., 2007). 

3.3 ON THE ROLE OF CHLOROPLAST HSP70B/CHAPERONE FOR THE 
FORMATION OF GENOTYPE RESISTANCE 

Heat stresses proteins (HSPs) as a key components contributing to cellular homeostasis 
take a special place among defense systems (Wang et al., 2004, Niu et al., 2006, Huang, 
Xu, 2008; Timperio et al., 2008). A special role in protecting cells from oxidative and 
heat stress belongs to HSP70 proteins, that together with co-chaperones proteins take 
part in the formation of chloroplast "foldosome" (Schroda et al., 2009). There are 
evidences of the involvement of chloroplast HSP70B/chaperons in refolding of 
denatured proteins (Drzymalla et al., 1996), in the biogenesis of thylakoid membranes, 
the synthesis or assembly of components of the new reaction centers and in the 
protection and repair of photosystem II during and after photoinhibition (Schroda et al., 
1999; Schroda, 2004). 

To throw more light on the possible role of HSP70B protein in the formation of cell 
resistance to temperature induced stress we addressed two questions: whether Ch/orella 
species that differ in their response to oxidative stress would differ in their content of 
constitutive HSP70B and whether Chlorella species would differ in their response to 
heat shock (Fig 1 and Fig 2). Western blot analysis is used to measure HSP70B content 
2 and 4 h after HS treatment (Yurina and Kloppstech, 2001; Chankova et al., 2009). 
Results presented in Fig. 1 show different stress response of algal species. 

About 60% higher content of HSP70B is found for Ch. kessleri after the treatment 
with 39° C 130 min and 42 ° C/5 min and no statistically significant changes are obtained 
after the treatment at 45 ° C/5 min. The lack of induction of protein at 45 ° C 
corresponds well with our survival experiments (data not shown) where about 50% cell 
death is determined. Suppressed protein synthesis is possible also at this temperature. 
The only temperature that can induce heat stress in both species isolated from habitats 
with extreme environmental conditions Ch. sp (antarctic ), and Ch. vulgaris 811 
(thermophilic) is 45 ° C/5 min. The thermophilic strain 8/1 shows a slight HSP70B 
induction, but psychrophilic Chlorella sp demonstrates the increased HSP70B 
induction, indicating the occurrence of stress state in these cells. Small changes of 
HSP70B content in thermophilic Ch. vulgaris 811 may indicate participation of other 
defense factors. In Fig 2 (I) the relative contents of constitutive HSP70B are presented. 
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(I) Ch. kesslery Ch. sp. Ch. vulgaris 811 (ll) Ch. kesslery Ch. sp. Ch. vulgaris 8/1 
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Fig. I Comparison of HSP70B level in Chlorel/a species after heat stress: I - 39°C/30 min, II - 42°C/5 min and Ill -
45"C/5 min; a- Coomassie R-250 staining. The same amount of total protein at the gel was applied. Equal 
application of the protein on the gel was controlled by Coomassie R-250 staining; b - Western blot 

analysis of HSP70B level in Chlorella species incubated at heat stress; c - results of densitometry of HSP70B contents. 

Markedly higher content of HSP708 is measured for Ch. Sp (Antarctic) comparing 
with other two species at different experimental conditions. The difference between 
HSP708 contents for Ch. kessleri and Ch. vulgaris 8/1 is found to be insignificant. 
Incubation of Ch. sp. (antarctic) at low temperature did not lead to a decrease in 
HSP708 level (Fig. 2, II). This result speaks in favor of the assumption that increased 
HSP708 content in Antarctic algae is evolutionary fixed sign promoting to the survival 
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of cells under extreme conditions. It is interesting that Ch. sp. (antarctic) is also 
characterized by increased activity of superoxidedismutase and catalase at high 
temperatures, and increased efficiency of antioxidant system than other strains 
(Malanga et al, 2008; Nedeva and Puneva, 2009). 
(I) Clt. U:n/Lri Ch 'I'· Ch. Hllgarls 4'1 (II) Ch. klnltri Ck 'I'· Ch. 1.U,arls VJ 
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Fig 2. Effect of higher (I - 42°C/5 min) and lower (II - 8°C/12 h) temperature treatment on HSP70B level in Chlorella 
species. 

a- Coomassie R-250 staining; b - Western blot analysis of HSP70B level in Chlorella species incubated with heat stress; 
c - results of densitometry of HSP70B contents. 

On the basis of results obtained it could be possible to speculate that genotype 
resistance to oxidative stress may not always correlate with the initial level of DSB 
induced, but rather with higher DSB repair capacity and higher content of constitutive 
HSP70B. To show whether algae from habitats with extreme environmental conditions 
have evolutionary developed more effective cellular defense mechanisms further 
experiments must be done. 

4. Is there a relationship between genotype resistance to oxidative stress and the 
magnitude of adaptive response? 

Little is currently known about the correlation between cells' genotype resistance 
and their response to radiation (Silva et al., 2007). The magnitudes of Zeo induced AR 
in C.reinhardtii strains presented in Fig 3 show that all strains have the capacity to 
develop AR. 
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Fig. 3 A) Magnitude of AR measured as an area between curves representing the fraction of DSB remaining following 
single test Zeo treatment and following split Zeo treatment (t.AUC); B) Magnitude of AR measured as an area under the 
curves representing the normalized split dose micro-colony survival (AUCNso) (Serafin et al, 2003) 

A stronger AR is demonstrated in strains with a relatively lower genotype resistance. 
Interestingly, it was obtained that the higher genotype resistance of strains H-3 and AK-
9-9 did not abrogate their competence to adapt. Our observation that the magnitude of 
induced AR in C. reinhardtii depends on the cell genotype is in agreement with the 
suggestion that the development of AR in human lymphocytes probably depends on 
genetic factors and not only on physiological ones (Mortazavi et al., 2003a; Tapio and 
Jacob, 2007). 

Quite different is the picture presented in Fig 4. 

A B 
1.2 70 

1.0 60 

tl.8 1,05 50 
Cl 

{.; ~ 40 63,2 
~ < 0.6 u 

;,::) 30 
<l < 0.4 20 

0.2 10 

0.0 0 
l37C CW15 137C CWIS 

Fig.4 A) Magnitude of AR measured as an area between curves representing the fraction of DSB remaining following 
single test PQ treatment and following split PQ treatment (t.AUC); B) Magnitude of AR measured as an area under the 
curves representing the normalized split dose micro-colony survival (AUCNso). (Serafin et al, 2003) 

Strong PQ induced AR is manifested in strains with WT resistance - 13 7C and 
CW 15 and no/or very slight PQ-induced AR in resistant strain AK-9-9 and H-3 (about 
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3%). No AR has been also induced when heat pretreatment has been used several hours 
before test treatment with gamma-rays or heat shock (Chankova et al, 2009). 

Looking for the reason we have analyzed the level of DSB initially induced by 
pretreatment with low conditioning doses of PQ and heat. The absence of statistically 
significant higher level of DSB DNA induced by priming (conditioning) treatment is 
obtained for both cases. Our data add evidence to the hypothesis that a certain primary 
level of DNA damage could serve as a triggering event signalling the activation of DNA 
repair systems (Boreham and Mitchel, 1991; Wolff, 1998; Matsumoto et al., 2004; 
Leonard, 2007; Dimova et al., 2008; Chankova et al., 2009). The analysis of our results 
could suggest that the level of DSB DNA that can trigger an AR in C. reinhardtii strains 
should be at least 1.5-fold higher than those in control non-treated cells. Comparing 
repair capacity of strains, a relationship between DNA repair capacity estimated on the 
basis of single dose treatment and the DNA repair capacity estimated on the basis of the 
AR is obtained. 

5. Conclusion 

Our results concerning the relationship between genotype resistance to oxidative 
stress and adaptive response, confirm our previous suggestion that up-regulated DSB 
DNA rejoining could be considered as one of mechanisms involved in the formation of 
AR in this organism. New data are provided that strains with a relatively lower 
genotype resistance demonstrate a stronger AR. On the other hand the higher genotype 
resistance of strains did not abrogate their competence to adapt. A relationship between 
DNA repair capacity estimated on the basis of single dose treatment and the DNA repair 
capacity estimated on the basis of the AR is obtained. 
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Abstract. The genomic instability has been studied by cytogenetic analysis of 
chromosome aberrations in somatic and germ cells of CBA mouse strain. It was shown 
that volatile substances (VS) excreted by unisex groups of animals into the environment 
induce genomic instability in conspecifics of same sex depending on the state of VS
donors. Different pretreatments of donor animals modified the cytogenetic effect of 
their VS in recipients. The meaning of such pheromonal "bystander" effects for animal 
fitness is discussed. 

Keywords: mouse, pheromones, mitotic disturbances, meiotic disturbances, bystander effect. 

1. Introduction 

Many social animals share some mechanisms in the formation of their response to 
stressors with man depending on degree of their genetic homology. Lots of external 
factors could become stressors if acted too long or too strong, etc. Direct action of some 
physical or chemical stress-inducing agents on recipient organism of an animal 
(including human beings) activates its hypothalamic-pituitary-adrenal axis. That is a 
sign of stress reaction accordingly H. Selye (1950). In spite of the great importance of 
studying different negative consequences of the stress state for man the significance of 
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genetic changes during stress is still underestimated. Meanwhile, it is possible to 
suggest that inside different organs and tissues there are many types of sensitive cells 
which genome serves as target for different stressors. By means of special 
intraorganismic and intracellular messengers (neuropeptides, hormones, transcriptional 
factors etc.) these external factors can substantially disturb target cell genomes. That 
influences, in turn, functional activity of agitated cells, then tissues, organs and finally 
whole organism viability. Nevertheless we know almost nothing about the precise 
genetic mechanisms of such stressor action. But what we know that in human beings 
and in some other animals there are so-called psycho-social stressors and their action 
can spread rapidly among big groups even without direct contact with these factors. 
And again neither fine mechanisms nor possible genetic consequences of stress 
widening are well known till now. 

In some animals the social way of their life has led to forming of specific 
mechanisms of spreading of a stress state among groups and populations. Therefore, 
impact of genetic disturbances can be amplified drastically also. For studying genetic 
consequences of stress mouse model of at least one "bystander" mechanisms by means 
of chemocommunication looks as the ultimate model. 

Data obtained show that different chemosignals and especially pheromones serve as 
stress inducing factors in the house mouse. Some pheromonal treatments in mice 
activate hypothalamic - hypophyseal axis, induce adrenal hypertrophy and inhibit 
development of accessory glands, reproductive and immune function. Behavioral 
changes after these pheromonal exposures also correspond to a stress state in the 
recipient animals. 

It looks like mouse female pheromone 2,5-dimethylpyrazine (DMP) is a good 
enough example of such stress inducing signal. This puberty-delaying mouse volatile 
chemosignal, the emission of which is under the control of adrenal glands (Drickamer, 
Mcintosh, 1980) excreted to the environment by "together caged" (overcrowded) 
females. The maintenance of laboratory mice under overcrowded condition could be 
accepted, with the caution, of course, as a modeling of dense natural populations which 
is considered as a natural stress situation (Christian, 1961; Lecyk, 1967). 

It is shown in mice that an exposure with female pheromones changes c-fos activity 
in accessory olfactory bulbs of males (Guo et al., 1997; Muroi et al., 2006) and in testes 
(Daev, Dukelskaya, 2005). It decreases drastically noradrenalin level in the mucous 
membrane of the nasal cavity and in the testes tunic of recipient male mice (Daev et al., 
2000). DMP delays puberty of immature conspecifics (Jemiolo, Novotny, 1994), 
decreases significantly the reproductive fitness of male (Daev, 2003; Daev, Dukelskaya, 
2004) and female mice (Jemiolo, Novotny, 1993), suppresses immune system (Daev et 
al., 2007a). DMP is also aversive chemosignal (Daev et al., 2007b). There are some 
other well known pheromonal stress effects in rodents such as activation c-fos in 
hypothalamus and limbic area (Fiber, Swan, 1995; Jin et al., 1996, Wysocky et al., 
1995), changes in the level of gonadotropin-releasing factors (Dlusen et al., 1981; 
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Dudley et al., 1996) and pituitary hormones (Maruniak et al., 1978; Singer et al., 1988; 
Xu et al., 2000), adrenals hypertrophy (Archer, 1969; Wuensch, 1979), inhibition of 
sexual maturation (Lawton, Whitsett, 1979) and suppression of immune system 
(Surinov et al., 2004). 

Up until now, little has been known or speculated about pheromonal influences on 
the genetic machinery and genetic structural integrity of the recipient cells which lies in 
the very beginning of at least primer-effects of pheromones. The similar is true for a 
meaning of this "bystander" effect of stress spreading for groups and populations of 
recipient animals. 

Here we wish to report on the effect of chemosignals originating from intact or 
stressed (by overcrowded caging) mouse donors on genome stability in bone marrow 
and germ cells of recipient mouse males. Using conventional microscopic techniques, 
we have observed mitotic disturbances in dividing cells of the bone marrow (anaphase
telophase) and meiotic disturbances in germ cells of the testes of the mouse males. 

2. Materials and Methods 

2.1. MATERIAL 

The inbred CBA/LacSto or CBA/LacStoRap mice used in all experiments were 
initially purchased from "Stolbovaya" or "Rappolovo" animal centers (Moscow region 
and Saint-Petersburg region, Russia, correspondingly). Isolated animals (donors of 
chemosignals) or unisex groups of animals (5 per group of tester animals and 7-8 per 
group of chemosignal donors) were maintained under standard conditions (cage size 
22x30x 10 cm), food and water provided ad libitum. Bedding was changed twice a 
week. After two weeks of adaptation, the animals were used for the experiments. 

2.2. TREATMENT PROCEDURE 

2.2.1. Treatment of chemosignal donor animals 

We collected pheromonal cues emitted from mouse females or males to the 
environment. We used mainly the protein fraction of dialyzed urine pooled from 10 
isolated or crowded females (VS;r or VScr), correspondingly. Single animals were caged 
separately at least two weeks before urine sample collection. Fresh urine individual 
samples were immediately pooled and centrifuged (MPW-310, 5000 rpm, 15 min). 
Then 2 ml of supernatant were dialyzed against 0,9% NaCl ("Servapore" membrane 
#44145, t=l-4°C, 48 hrs, 2 I x3 changes of salt solution). The volume of samples with 
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main urinary proteins was maintained constant and they were prepared directly before 
the experiment. 

To receive different chemosignals we used diverse pretreatments of donor animals. 
For some experiments (to escape additional stress of handling of donor animals) we 
used just soiled bedding from I 0 isolated donor females (SBir). Animals were placed 
separately onto sawdust bedding for 5 days. Then soiled beddings from all donor cages 
were pooled and mixed. In parallel, we used as stressor soiled bedding from 
overcrowded females (SBcr). One more stressor was water solution (0,01 %) of the 
mouse female pheromone 2,5-DMP (Aldrich, 98%). 

We used also soiled bedding from whole body irradiated CBA males (4Gy, 
0.7cGy/sec, 6°Co, "Gammacell 220"). Soiled bedding had been collected for 24 hrs after 
irradiation of donor male groups and placed under the wire mesh bottom of standard 
cage with recipient animals. Direct contact with soiled bedding was prevented. One 
more donor group was stressed by swimming (Daev et al., 2007b). Similarly, control 
animals were exposed to soiled bedding of intact males. 

2.2.2. Treatment of chemosignal recipients 

For an exposure of animals to the pheromonal volatile stimuli, cotton balls were 
soaked in 1.5 ml of a respective VS or DMP solution and placed inside perforated 
plastic capsules. Each capsule was attached to the external side of the cage lid, at a 
distance of 2-3 mm from the lid's wiremesh, to prevent a direct contact of the animals 
with sample. An exposure to distilled water served as a control. 

During experiment with soiled bedding half of the recipients own bedding was 
replaced by the same volume of corresponding sample. The treatment of the recipient 
animals was continued for 24 hrs. Clean bedding was used as a control. 

All exposures lasted 24 hrs, after which the animals were sacrificed by cervical 
dislocation. Their bone marrow was rinsed from femoral bones and fixed in a 
methanol/glacial acetic acid (3: I) mixture. Testes were fixed the same way after tunic 
removal. The material was stored at -4LIC until its microscopic analysis. 

2.3. CYTOGENETIC ANALYSIS 

Small pieces of fixed bone marrow tissue (0.2-0.5 mm) were placed in a drop of 2% 
acetoorcein for 30-45 min. They were subsequently rinsed in 45% acetic acid to remove 
an extra stain and gently squashed between a cover slip and a microscopic slide. The 
dividing cells at the anaphase-telophase stages were analyzed microscopically. The 
bone marrow cells of mice are dividing with a relatively high rate to yield a number of 
cells sufficient for further statistics. A careful analysis of the anaphase-telophase stage 
can thus provide an accurate estimation of the factors associated with mutagenic 
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activity, in fixed materials, without any additional pretreatment. In our experiments, the 
use of the metaphase method was avoided because it demands colchicine or colcemid 
and hypotonic treatments which all could affect the frequency of chromosomal 
aberrations. 

Anaphase-telophase plates without overlapping or significant shifts were analyzed 
(more than 200 per each animal). The frequencies of abnormal divisions with a single 
bridge, a single fragment and a delayed chromosome as well as cells with two and more 
aberrations were registered. Total frequency of mitotic disturbances (MD) was counted. 

Germ cells were removed from seminiferous tubules by shaking and suspended in 
fixative solution. Then drops of suspension were placed on slides and dried. Slides were 
stained as it was described earlier. 

2.4. STATISTICS 

Internal homogeneity among each recipient group was checked through the Chi
square contingency test for all types of abnormalities. Differences between groups were 
estimated by Chi-square criterion (Motulsky, 2003). In order to simplify the data for 
visual clarity, the frequencies(%) and their errors (m%) were subsequently calculated. 

3. Results and Discussion 

Our present results show that chemosignals from crowded females increase 
frequency of mitotic disturbances in bone marrow cells of recipient mouse males. The 
results of one experiment are presented in Table I. 

DMP induces stronger change in MD frequency than chemosignals of crowded 
females in their soiled bedding (SBcr). We obtained similar results for the exposure with 
VScr (Fig. I, B). At the same time pooled chemosignals from isolated females (SBir) act 
in opposite direction. They decrease the MD level in bone marrow cells of recipient 
males (Table I, Fig. I, B). 

Our data provide evidence that the quality of chemosignals excreted by females 
depend on their state. Stressed by overcrowding donor females emit to the environment 
chemosignals which affect recipient's organism and destabilize genome of its dividing 
bone marrow cells. Since genome instability is a sign of stress state (Daev, 1994; 2007) 
we propose that chemosignals from overcrowded females spread the information about 
unfavorable environmental condition and thus induce stress in their neighbor 
conspecifics. DMP (which production in mouse females depends on group density and 
adrenals activity (Jemiolo, Novotny, 1993; 1994), as we suggest, is one of the possible 
messengers. But except DMP females definitely excrete to the environment many other 
sex specific substances which "positively" affect recipient males. It could explain more 
weak influence of SBcr in comparison with pure DMP action. The same explanation is 

162 



applicable to "positive" effect of SBir (Table 1, Fig. 1, B). Sex-specific "positive" 
chemosignals stabilize chromosomes structure and mitotic divisions when DMP does 
not produced by isolated females. 

We investigated also action of different female chemosignals on dividing bone 
marrow cells in mouse female recipients. Our results show that chemosignals in soiled 
bedding and purified volatiles from urine of crowded females induce mitotic 
disturbances in bone marrow cells of recipient females. DMP acts in a same manner. 
The chromosome aberration patterns as well as degree of elevation were not different 
either in case of soiled bedding or purified volatiles. It was shown earlier that sensitivity 
of females to DMP depends on their stage of estrous cycle (Daev et al., 2007c). 

As we have mentioned previously mouse male chemosignals can serve as stress
factors. Therefore we compare the DMP effect with the influence of other chemosignals 
originated from stressed or intact males in mitotic and meiotic cells of recipient males. 
It is shown by ana-telophase analysis that DMP increases total frequency of meiotic 
disturbances at anaphase-telophase II stage (Fig.2). 

Chemosignals of stressed by physical stressor males (after swimming) act in similar 
manner. Finally, volatiles from irradiated males elevate frequency of meiotic 
disturbances approximately twice. 

Table I. Frequency of mitotic disturbances in bone marrow cells of CBA mouse males 

after their exposure with different chemosignals originated from mouse females(%). 

Treatment 

of recipients 

Bclean 

SBcf 

DMP 

SB if 

N n 

9 2994 

10 4320 

10 3506 

10 4982 

Total 

Number of frequency of MD 
cells with MD (% ± m%) 

102 3,4 ± 0,33 

225 5,2 ± 0,32 

306 8,0 ± 0,46 

87 1,7 ± 0,18 

Significant 

differences 

N - number of animals; n - number of cells; Bc1can - control (clean bedding); SB - soiled bedding (,r, ;r 

- after crowded or isolated females, correspondingly); DMP - 2,5-dimethylpyrazine; ends of vertical 
lines show on significantly different values (x2-criterion, P<0,01). 

Our results are in a good agreement with data that volatile chemosignals from 
mouse males stressed by swimming or after whole body irradiation induce the same 
mitotic disturbances in intact recipient males (Daev et al., 2007a; 20 I 0). It was shown 
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also similar genome destabilization m germ cells of stressed mouse males (Filkina, 
2009). 

Total frequency 
of MitD (%) 

6 
5 
4 
3 
2 
1 
0 
1 
2 

SBcr VScr DMP 

Control 

SBcr VScr DMP SBir 

Fig. I. Effect of different chemosignals originating from mouse females in dividing bone marrow cells of mouse females 
(A) and males (B) of CBA strain. Differences in total frequencies of mitotic disturbances (MitD) between corresponding 
control and experimental groups are shown. SBcr - soiled bedding of crowded females; VS,r - volatile substances from 
urine of crowded females; DMP - 2,5-dimethylpyrazine solution; SB;r - pooled soiled bedding of isolated females. All 
the differences from control are significant; • - difference between effect of SB,r and all other effects (Chi-square test, 
P<0,01). 

To our mind cytogenetic disturbances in target cells are a general sign of stress reaction 
of an organism at an intracellular level. Such influence could be a mechanism by which 
volatile chemosignals effect development and fitness of recipient animals described 
earlier. With the aid of that mechanism animals could regulate their population density 
and structure via "chemosignals - genome integrity of target cells" interactions (Daev, 
1994; 2007). 

Total frequency 
ofMeill (%) 

6 
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2 

1 

0 

DMP VSsw 
Control 

Fig.2. Effect of2,5-dimethylpyrazine (DMP) and volatiles from CBA mouse males stressed by swimming (VSsw) or from 
irradiated males (VS;,,). MeiD - meiotic disturbances. All differences between experimental groups and corresponding 
controls are significant (Chi-square test, P<O,O I) 
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4. Conclusion 

Our data supports the hypothesis that the integrity of target cell genome is decreased 
under stress conditions. Cytogenetic disturbances can serve as a universal sign of 
organismic stress. Pheromonal "bystander-effects" demonstrate that the olfactory 
mechanism in mice is working effectively to spread a stress state and genetic instability 
among conspecifics. Definitely there are other different specific and unspecific 
pathways of indirect widening of environmental influences among communicating 
animals. But the importance of searching of such pathways is still underestimated as 
well as mechanisms themselves that are not easily analyzed. Especially it concerns to 
the genetic consequences of such "bystander-effects". Therefore, we should look for 
appropriate models to study them at all levels. And research of mouse 
chemocommunicative mechanisms looks as good possibility to investigate the problem. 
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Abstract. The review describes the phenomenon of epigenetic transgenerational effects 
detected in the offspring of irradiated parents. The results of some recent studies showing 
elevated mutation rates in the non-exposed offspring of irradiated parents are presented and 
discussed. The possible mechanisms and implications of transgenerational instability are 
also discussed. 

Keywords: instability, radiation, germline 

1. Introduction 

The target theory, independently developed in 1947 by Timofeeff-Ressovsky and 
Zimmer, and Lea (Timofeeff-Ressovsky and Zimmer, 1947; Lea, 1947), still represents 
the cornerstone of radiation biology and radiation protection. According to the modern 
interpretation of it, the effects of ionising radiation on the exposed cell are attributed to 
the initial DNA damage at the sites (targets) either directly hit by photons or affected by 
free radicals arising as a result of the localised ionisation of water (Lehnert, 2007). The 
main prediction of the target theory is that mutation induction almost exclusively occurs 
in the directly exposed cells at the non-repaired and mis-repaired damaged sites. In 
other words, everything, including the recognition of radiation-induced damage, its 
repair and mutation induction, happens in the exposed cells. There is another important 
prediction of the target theory postulating that the magnitude of mutation induction is 
directly related to the amount of radiation-induced DNA damage and the ability of 
exposed cell to repair it, meaning that that the yield of radiation-induced mutations 
strongly depends on the dose- and dose-rate of exposure (UNSCEAR, 2001 ). The target 
theory also lays the foundation of a linear-no-threshold risk model, whereby the risk of 
human exposure to ionising radiation is linearly related to the dose of exposure without 
a threshold (BIER, 2006). However, a number of recent studies have clearly 
demonstrated the existence of non-targeted effects of ionising radiation. They include 
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mutation induction occurring at tandem repeat DNA loci, which are not directly targeted 
by ionising radiation (Sadamoto et al. 1994; Dubrova et al. 1996; l 998a), radiation 
induced genomic instability, detected among the non-exposed progeny of irradiated 
cells/organisms (Morgan, 2003a; 2003b; Dubrova, 2003), and bystander effect, whereby 
an elevated mutation rate is detected in the non-exposed cells, which receive signals 
from the irradiated neighbours (Morgan, 2003a; 2003b; Lorimore et al. 2003). Taking 
together, these observations imply that the non-targeted effects of ionising radiation can 
manifest over a period of time much longer than previously thought and may therefore 
be regarded as a component of the genetic risk of ionising radiation. Although a recent 
UNSCEAR report has concluded that the existing experimental data on non-targeted 
effects 'are insufficient to justify modifications of current risk estimates' (UNSCEAR, 
2008), further analysis of this phenomenon will be important in improving their 
accuracy. 

In this review the hereditary non-targeted effects of ionizing radiation will be 
presented and discussed. According to the results of some recent publications, these 
effects can manifest in the germline of directly exposed parents as well as in their non
exposed offspring. As the phenomenon of non-targeted mutation induction in the 
germline of irradiated mammals has previously been discussed in detail (see Dubrova et 
al. l 998b ), this review therefore describes the transgenerational non-targeted effects of 
parental exposure to mutagens, including ionizing radiation. The studies presented here 
were designed to test the hypothesis that non-targeted effects induced in the germline of 
directly exposed parents could manifest in the offspring, affecting their mutation rates, 
cancer predisposition and other characteristics. This paper also presents some recent 
findings which were not discussed in our previous reviews (Dubrova, 2003; Barber and 
Dubrova, 2006). 

2. Experimental data 

The ability of ionising radiation to induce mutations in the germline of exposed 
parents has been known for almost a century. The development of the specific locus test 
in the late '50s by William Russell gave rise to a number of comprehensive studies 
aimed to establish the germline effects of ionising radiation and some chemical 
mutagens in mice (reviewed by Searle, 1974). Although these studies for the first time 
provided sound estimates of the genetic risk of high-dose exposure to ionising radiation 
in humans (UN SC EAR, 2001 ), they were designed to evaluate mutation induction in the 
germline of exposed parents. The detection of transgenerational effects requires a 
thorough analysis of the offspring of exposed parents. The first evidence for unusually 
elevated mutation rate in the first-generation (F1) offspring of exposed parents was 
obtained in the early '60th (reviewed by Aurebach and Kilbey, 1971). For example, a 
substauntially elevated incidence of mosaicisms was detected in the F1 offspring male 
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Drosophila exposed to number of alkykating agents (Mathew, 1964; Lee at al. 1970). 
Another strong evidence for transgenerational effects was obtained by Luning and 
coworkers, who studied the frequency of dominant lethal mutations in the germline of 
non-exposed offsrping of irradiated male mice (Luning et al. 1976). Although the 
results of these studies provided the first indication for the transgeneration 
destabilisation of the F1 genome, for the long time they had remained inconclusive. One 
of the main reason for this was the lack of a sensitive technique for mutation detection 
in the germline and somatic tissues. 

In the l 990th, we and others proposed that expanded simple tandem repeat (ESTR) 
loci can provide a sensitive approach for monitoring radiation-induced mutation in the 
mouse germline (Dubrova et al. 1993; Sadamoto at al 1994). ESTRs consist of 
relatively short repeats, 5-10 bp long, and belong to the most unstable loci in the mouse 
genome with mutation rate as high as 0.05 per cell division (Bois et al. 1998; Hardwick 
et al. 2009). In the early studies, the analysis of ESTR mutation induction was restricted 
to the germline (Dubrova et al. 1993, l 998a; 2000a; Barber et al. 2000; Vilarino-Guell 
et al. 2003), but with the development of single-molecule PCR it was extended to the 
somatic tissues (Yauk et al. 2002). Given that according to our results the dose-response 
of ESTR mutation induction in male mice exposed to ionising radiation and chemical 
mutagens is remarkably similar to that for protein-coding genes (Dubrova et al. l 998a; 
2000a; Barber at al. 2000; Vilarino-Guell et al. 2003; Dubrova, 2005; Glen et al. 2008), 
we therefore used them for the analysis of transgenerational instability. 

Our first published results show that ESTR mutation rates are substantially elevated 
in the germline of non-exposed first- and second-generation offspring of irradiated 
males (Dubrova et al. 2000b; Barber at al. 2002). This remarkable stimulation of 
mutation in the F1/F2 germline following paternal irradiation (transgenerational 
instability) is reminiscent of the above mentioned phenomenon of delayed radiation
induced genome instability in somatic cells. Most importantly, our data demonstrate 
that the phenomenon of radiation-induced genomic instability is not restricted to a 
certain inbred strain of mice, as roughly equally elevated ESTR mutation rate was 
detected in the germline of three different inbred strains - CBA/Ca, C57BL/6J and 
BALB/c (Barber at al. 2002). 

Using single-molecule PCR, we also analysed ESTR mutation frequencies in DNA 
samples extracted from the germline (sperm) and somatic tissues taken from the F1 

offspring of male mice, exposed to 1 or 2 Gy of acute X-rays (Barber at al. 2006, 2009; 
Hatch et al., 2007). Figure 1 a summarises the results of these studies, clearly showing 
that ESTR mutation rates are equally elevated in the germline and somatic tissues of F1 
offspring of irradiated male mice. Transgenerational changes in somatic mutation rates 
were also observed by studying the frequency of chromosome aberrations (Vorobtsova, 
2000; Slovinska et al. 2004), micronuclei (Fomenko et al. 2001) and lacl mutations 
(Luke et al. 1997) in the F1 offspring of irradiated male mice and rats. It should be noted 
that the most compelling data addressing somatic instability in the F 1 offspring of 
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irradiated males were obtained from the analysis of somatic reversions of the pink-eyed 
unstable mutation (Shiraishi et al. 2002) and mutations at the mouse hprt locus (Barber 
et al. 2006). 
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Figure I. ESTR mutation frequency in the F1 
offspring of irradiated male mice. a, 
Frequency of ESTR mutation in the gennline 
and somatic tissues in the F 1 offspring 
irradiated males from two different inbred 
strains of mice (data from: Barber et al. 2006; 
2009). b, Frequency of ESTR mutation in the 
F 1 offspring BALB/c mice irradiated in utero 
or during adulthood (data from Barber et al. 
2009). 

The abovementioned results clearly imply that exposure to ionising radiation results 
in the induction of a transgenerational signal in the germline of exposed parents which 
can substantially destabilise the genomes of their offspring. As far as potential 
implications of these data for radiation protection are concerned, the important question 
is - for how long the exposed males can 'remember' the history of irradiation. In a 
number of our publication, we have addressed this issue. In these studies, male mice 
were mated over a considerable period of time following exposure to acute X-rays 
during adulthood (Barber et al. 2002; 2006; Hatch et al. 2007). In our recent study we 
also analysed the F 1 offspring male mice irradiated in utero during the early stage of 
development (Barber et al. 2009). Figure I b summarises the results of these studies, 
showing that the magnitude of the increases in ESTR mutation frequency in the F1 
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offspring of male mice irradiated during adulthood or prenatally does not significantly 
differ. 

These data suggest that some as yet unknown marks of paternal irradiation can 
survive even massive epigenetic reprogramming during the early stages of development 
and, being passed to the offspring, destabilise their genomes. Our results therefore 
imply that the transgenerational effects may be regarded as an important component of 
the long-term genetic risk of ionising radiation. The analysis of mutation frequencies in 
the germ line and somatic tissues of F 1 offspring of irradiated males has provided 
important clues on the possible mechanisms oftransgenerational instability. 

As in many studies the effects of paternal irradiation were studied in the offspring 
conceived by the exposed males and non-irradiated females, the very design of these 
studies allowed to establish the F 1 mutation rates at the alleles derived from the both 
parents (Shiraishi et al. 2002; Barber et al. 2002; 2006). Figure 2 presents the results of 
the two studies analysing the frequency of somatic mutations in the offspring of 
irradiated male mice. Thus, Shiraishi and co-workers reported equally elevated 
frequencies of somatic reversions at the mouse pink-eyed unstable locus in both alleles 
derived from the irradiated fathers and the unexposed mothers (Figure 2a). 
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In our study, the increased frequency of mutation at the mouse hprt locus was found 
in the male F 1 offspring of male mice (Figure 2b ). Given that the hprt locus is X-linked, 
the results of this study are therefore in line with the abovementioned pink-eyed data, as 
an elevated mutation rate was found at the F 1 locus derived from the non-exposed 
mothers. These results clearly imply that transgenerational instability is attributed to a 
genome-wide destabilisation. 

3. Mechanisms 

The data presented in the previous chapter clearly show that mutation rates in the 
germline and somatic tissues of offspring of irradiated males are substantially elevated. 
It should be stressed that the abovementioned results are at odds with the main 
predictions of target theory, as the effects of parental irradiation manifest in the non
exposed offspring, i.e. mutation induction in these animals are clearly off target and 
therefore the phenomenon of transgenerational instability belongs to the newly 
discovered non-targeted effects of ionising radiation. The key question is - what are the 
mechanisms underlying transgenerational instability? In a number of publications is has 
been suggested that the phenomenon of radiation-induced genomic instability observed 

either in the clonal progeny of irradiated cells or in the offspring of irradiated parents 
cannot be ascribed to conventional mechanisms such as a mutator phenotype and is 
most likely a result of epigenetic events (Morgan, 2003a; 2003b; Lorimore et al. 2003; 
Dubrova, 2003). This conclusion is based on the two sets of experimental data, showing 
that: (i) in vitro and in vivo radiation-induced genomic instability persists over a long 
period of time after the initial exposure; (ii) the number of cells/organisms manifesting 
radiation-induced genomic instability is too high to be explained by the direct targeting 
of any group of genes. As far as the transgenerational effects of paternal exposure are 
concerned, there are two main issues which should be addressed. The first step to 
elucidate the yet unknown mechanisms is to investigate the initial cellular events 
triggering an instability signal in the exposed germline. The analysis of the transmission 
of such a signal to the offspring and its manifestation represents another essential step in 
the clarification of this issue. 

Given that exposure to ionising radiation produces a wide spectrum of DNA lesions 
(Frankenberg-Schwager, 1990), the analysis of its transgenerational effects may not 
provide enough evidence for a specific type of DNA damage triggering an instability 
signal in the directly exposed cells. However, it has been suggested that that radiation
induced complex double-strand DNA breaks (DSBs) may constitute one of the signals 
that initiate the onset of genomic instability (Limoli et al. 1997). To verify whether this 
particular type of DNA damage can trigger an instability signal in the mouse germline, 
we have studied the effects of paternal exposure to the alkylating agent ethylnitrosourea 
(ENU) on the manifestation of genomic instability in the offspring of treated male mice. 
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In contrast to irradiation, exposure to ENU mainly causes alkylation of DNA at the 
N- and 0- positions, resulting predominantly in base substitution mutations and seldom 
leads to any measurable increases in the yield of DSBs (Shibuya and Morimoto, 1993 ). 
This work revealed a number of striking similarities between the transgenerational 
effects of paternal exposure to this mutagens and ionising radiation (Figure 3). 
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Figure 3. ESTR mutation rates in the F1 germline of ENU-exposed and 
irradiated male mice (data from Barber et al. 2002; Dubrova et al. 2008). 

Given the profound differences in the spectrum of ENU- and radiation-induced 
DNA damage, our data suggest that transgenerational instability is not attributed to a 
specific sub-set of DNA lesions, such as DSBs, but is most probably triggered by a 
stress-like response to a generalised DNA damage. Our data are in line with the results 
of previous studies showing that exposure to some chemical carcinogens and mutagens 
can result in a delayed increase in mutation rate in somatic cells (Limoli et al. 1997; 
Barde Iii et al. 2001; Li et al. 2001; Gowans et al. 2006) or affect the fitness of the 
offspring of exposed male rats (Hales et al. 1992). 

Given that the transgenerational changes can affect mutation rates at tandem repeat 
DNA loci, protein coding genes and chromosome aberrations, it therefore appears that 
the F1 genomes could contain a variety of types of DNA damage. To compare the 
amount of DNA damage in the F 1 offspring and controls, we evaluated the amount of 
endogenous single- and double-strand DNA breaks, measured by the alkaline Comet 
and y-H2AX assays (Barber et al. 2006). This analysis revealed an abnormally high 
level of DNA damage in the F 1 bone marrow and spleen cells (Figure 4a). Given that in 
tissues with a high mitotic index, such as bone marrow and spleen, the life-span of cells 
containing deleterious lesions such as single- and double-strand breaks is restricted 
since these types of DNA damage are not compatible with replication, these data clearly 
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demonstrate that transgenerational instability is an ongoing process occurring m 
multiple adult tissues. 
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Figure 4. DNA damage and the efficiency of 
DNA repair in control males and the F1 
offspring of irradiated male mice. a, 
Endogenous DNA damage (single- and double-
strand breaks) and the amount of oxidative 
damage in the F1 offspring of irradiated males. 
b, Efficiency of DNA repair in the ex vivo 
irradiated bone marrow cells (data from Barber 
at al. 2006). 

The presence of a persistent subset of DNA lesions in the offspring of irradiated 
males may either be attributed to an oxidative stress or reflect their compromised ability 
to repair of a certain type of endogenous damage. The involvement of oxidative 
stress/inflammatory-type response in the delayed increases in mutation rates in the 
progeny of irradiated cells has long been suspected (Morgan, 2003a; Lorimore et al. 
2003). Reactive oxygen species are the major source of endogenous DNA damage, 
including single- and double-strand breaks, abasic sites, and a variety of nucleotide 
modifications (Jackson and Loeb, 2001). However, according to our data obtained by 
the FPG Comet assay the F 1 offspring of irradiated males did not show any alteration in 
the level of oxidatively damaged nucleotides (Figure 4a). Using the alkaline Comet, we 
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also measured the efficiency of repair of single-strand DNA breaks and other alkali 
labile sites in the F1 ex-viva irradiated bone marrow samples (Figure 4b). According to 
our data, the efficiency of DNA repair in the offspring of irradiated parents and controls 
is similar. 

These data are in line with the results of some early studies, comparing the spectra 
of directly induced and delayed mutations at the hprt locus, detected in the progeny of 
irradiated cells (Little et al. 1996). According to the results of this study, the spectrum 
of delayed mutations, resulted from the ongoing instability substantially differed from 
that for directly induced and, in the same time, was very close for the spectrum of 
spontaneous mutations. 

These data imply that radiation-induced genomic instability may result from the 
enhancement of the process of spontaneous mutation and therefore cannot be attributed 
to compromised DNA repair, which would affect the structure of delayed mutations. 
Given this, a genome-wide destabilisation of the F1 genome could be attributed to 
replication stress. For example, some recent data suggest that in human precancerous 
cells the A TRJ A TM-regulated checkpoints are activated through deregulated DNA 
replication, which leads to the multiplicity of DNA alterations (Bartkova et al. 2005; 
Gorgoulis et al. 2005). A detailed analysis of the expression profiles in the F1 tissues 
should elucidate the still unknown mechanisms underlying the phenomenon of 
radiation-induced genomic instability. 

4. Transgenerational instability and genetic risk 

The abovementioned results showing that the offspring of exposed parents are 
genetically unstable may represent a serious challenge to the existing paradigm in 
radiation protection, according to which mutation induction in directly exposed cells is 
regarded as the main component of the genetic risk of ionising radiation for humans 
(UNSCEAR, 2001). Given that in the offspring of irradiated parents an elevated 
frequency of mutations is detected at a number of fitness-related endpoints, including 
chromosome aberrations and gene mutations, it would therefore appear that the 
transgenerational effects could impair the development. As, according to our data 
(Barber et al. 2006), the majority of the F1 offspring of irradiated males manifest 
transgenerational instability, the number of affected offspring may substantially exceed 
that predicted by the target theory, which is based on the assumption their elevated 
mortality and morbidity can only be attributed to mutations induced in the germline of 
exposed parents. Indeed, the results of some animal studies show that paternal exposure 
to ionising radiation and some chemical mutagens can affect a number of fitness-related 
phenotypic traits in the offspring. For example, it has been reported that the rate of 
dominant lethal mutations is significantly elevated in the germline of F1 offspring of 
male mice and rats, exposed either to ionising radiation (Luning et al. 1976) or 
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cyclophosphamide (Hales et al. 1992). The results of other studies showing decreased 
proliferation of early embryonic cells and increased frequency of malformations in the 
F2 offspring of irradiated parents are also consistent with these observations (Wiley et 
al. 1997; Pils et al. 1999). 

Given that tumour progression is attributed to accumulation of oncogenic mutations, 
the long-term destabilisation of the F 1 genome could also predispose them to cancer. In 
a number of studies, the incidence of cancer in the offspring of irradiated male mice 
exposed to recognised carcinogens was analysed (Nomura, 1983; Vorobtsova et al. 
1993; Lord et al. 1998; Hoyes et al. 200 I). Their results show an elevated incidence of 
cancer among the carcinogen-challenged offspring of irradiated males. The data on 
significantly elevated incidence of leukaemia in the children of male radiation workers 
from the Sellafield nuclear reprocessing plant (Gardner et al. 1990) are in line with 
these results. 

It should be stressed that further analysis of the clinical impact of transgenerational 
instability is currently limited because of lack of the reliable experimental data in 
humans. So far, just a handful of experimental studies addressing this important issue 
have been conducted and their results are far from being consistent. For example, a 
recent publication on the transgenerational effects of post-Chernobyl paternal irradiation 
showed an elevated frequency of chromosome aberrations among the children of 
exposed fathers (Aghanjanyan and Suskov, 2009), whereas Tawn and coworkers failed 
to detect significant changes among the children of childhood cancer survivours (Tawn 
et al. 2005). On the other hand, the same group of authors reported an elevated G2 

chromosomal radiosensitivity in the children of survivors of childhood and adolescent 
cancer (Curwen et al. 2005). Given that the design of these studies, as well as the 
cohorts of irradiated families analyzed by the authors, dramatically differ, the 
comparison of their results remains highly problematic. The important issue of the 
transgenerational effects of parental exposure in humans should therefore be addressed 
in the carefully planned and executed studies, the results of which will provide 
experimentally based estimates of the delayed effects of radiation in humans. 
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Abstract- Densely ionizing radiation, such as heavy ions, produce biological damage 
which is different from that normally produced by sparsely ionizing radiation, such as 
X- or y-rays which are a large component of the natural radiation background. In fact, as 
a result of the different spatial distribution of the energy deposited, along the core and 
penumbra of the track, DNA lesions are exquisitely complex, and difficult to repair. 
RBE factors are normally used to scale from X-ray to heavy ion damage, but it should 
be kept in mind that RBE depends on several factors (dose, dose rate, endpoint, particle 
energy and charge, etc.) and sometimes heavy ions produce special damages that just 
cannot be scaled from X-ray damage. The special characteristics of heavy ions can be 
used to treat tumors efficiently, as it is currently done in Japan and Germany. 

Keywords: Heavy ions, radiobiology, high LET, densely ionizing radiation, particle therapy 

1. Introduction 

The biological effectiveness of ionizing radiation strongly depends on the linear energy 
transfer, or LET, and it is well known that it is, for many endpoints, higher than sparsely 
ionizing radiation for LET values between 50 and 200 keV/µm in water. This different 
biological effectiveness os normally attributed to the different spatial distribution of 
lesion density in the DNA. While physicists know very well, form nuclear emulsions, 
how different a track of a heavy ion is compared to photons, more recently this could be 
visualized directly in mammalian cells, exploiting markers of DNA lesions such as 
phosphorilated hi stone yH2AX (Fig. 1) [ 1] or the accumulation of GFP-tagged repair 
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proteins, such as 53BPI (Fig. 2) [2]. Clearly, heavy ions produce "streaks" of DNA 
lesions in the cell nucleus, and the density of lesions increase with LET (Fig. I), and 
they can be hardly repaired or moved following exposure (Fig. 2). This observation 
begs the question of whether the damage induced by heavy ions is different from that 
produced by X-rays. The answer is unfortunately not simple: even if the DNA damage 
is more difficult to repair, this may lead to an increased cell killing, but not necessarily 
to increased late risk: a dead cell cannot represent a risk, although the bystander effect 
may play a dominant role in explaining the effectiveness of high-LET radiation for late 
effects. 

Fig.1 

Figure I Three nuclei of human fibroblasts exposed to (A) y-rays, (B) silicon ions, or (C) iron ions; and 
immunostained for detection ofy-H2AX. Every green focus corresponds to a DNA double-strand break. 
In the cell exposed to sparsely ionising y-rays (A), H2AX foci are uniformly distributed in the nucleus. 
Cells exposed to heavy ions show DNA damage along tracks-one silicon (B) and three iron (C) particles, 
respectively. Spacing between DNA double strand breaks is reduced at very high-LET. (D) Tracks of 
different ions, from protons to iron, in nuclear emulsions, show increasing LET as charge, Z, increases. 
From ref [I). 
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Figure 2 Quantitative analysis of the motion of DNA double-strand breaks (DSBs) after high LET 
irradiation. Time-dependent changes ofa single Ni-ion-induced 53BPl-GFP streak in a human tumor 
cell showing the typical motional bchavior of individual proteins along the trajectory over the time 
course of 12 h after irradiation. Compared to Fig. I, these pictures show the evolution of the damage 
in living cells, exploiting G FP-tagged proteins expressed in the cell, instead of fixing and staining the 
samples. From ref. [2]. 

2. Heavy ion radiobiology 

Because heavy ions are not present on Earth, their study is not relevant for radiation 
protection, and neither it has been for radiation therapy for many years. However, heavy 
ions are now often used in therapy [3] and they represent a major risk for human space 
exploration [ 4] (Fig. 3). 

2.1. PARTICLE THERAPY 

The rationale of oncological particle therapy is simply base don the different energy 
deposition of charged particles (the Bragg curve) and photons (exponential attenuation). 
Fig. 4 immediately suggests that charged particles have a better energy deposition 
pattern than X-rays for therapy, as recognized by Wilson already in 1946. Protontherapy 
is today widely spread in the world, and is considered a cutting-edge technology, with 
clinical results at least comparable to X-ray IMRT. However, apart from the favorable 
dose distribution, protons donor really add biological advantages, as their RBE is close 
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to 1. On the other hand, heavy ions combine an increased biological effectiveness to a 
high RBE, and reduced oxygen enhancement ratio (OER), in the Bragg peak. Carbon 
ions are for instance low-LET (about 10 keV/µm) in the entrance channel, but high-LET 
(up to 80 keV /µm) in the Bragg peak, thus providing sparing of the normal tissue and 
high effectiveness in the tumor. The clinical results, so far based on a fairly limited 
number of cancer patients (about 5000) are indeed very good, and after the clinical trials 
in NIRS (Japan) and GSI (Germany), several new centers are under constructions in 
Europe and Asia. 

Flg.J 

Figure 3 Interest for radio biology of heavy ions is linked to two main applications: cancer therapy 
(left) and protection of astronauts in long term space missions (right). In one case, we are 
interested to exploit the ability of heavy ions to kill cells; in the second, to protect the crews from 
long-term late effects. Although the exposure conditions are very different (high dose, 
fractionated, localized irradiation in therapy; low dose, chronic, whole body in space), the two 
topics share several research topics, such as studies on stochastic risk of heavy ions, or on 
radioprotectors (Table I). 

2.2. RADIATION PROTECTION IN SPACE 

Although protons are by far the most common particle in space radiation, heavy ions 
play a major role because energy deposition increase with z2, and the RBE increases 
with LET. Therefore, heavy ions are nowadays acknowledged by space agencies as a 
major barrier to human space exploration. Cancer risk is of course the main concern, 
because it is well documented that radiation can induce cancer, but the RBE of heavy 
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ions is not known, due to the lack of epidemiological studies and the only limited 
animal studies, performed at particle accelerators [ 4]. In addition to cancer, several 
others late effects cause concern, including damage to the central nervous system, 
cataracts, risk of cardiovascular diseases, and hereditary effects. Both NASA and ESA 
support large experimental campaigns to study these effects, considering that space 
agencies are now shifting their programs to exploration. 

Fig. 4 
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Figure 4 Rationale of using charged particles for cancer therapy. While X-rays deposit more energy on the 
surface than in the tumor, the opposite holds for charged particles, such as protons and carbon ions. 

The NASA program is based at the Brookhaven National Laboratory (Upton, NY), 
whereas the European program is based at GSI (Darmstadt, Germany). 

Notwithstanding the large differences in exposure conditions (high dose, 
fractionated acute partial-body exposure in therapy; low dose, chronic whole-body 
exposure in space), the two topics share several research topics as summarized in Table 
I. 

185 



Table I - Some research topics relevant for both hadrontherapy and space radiation protection. 

Hadrontherapy Space Radiation Protection 

Particles H and C. All ions from H to Ni. 

Maximum energy - 400 MeV/n -10 GeV/n 

Dose 60-80 Gy-eq. in the target 50-150 mSv on the Space Station, up to 1 Sv 

Exposure 

conditions 

Individual 

radiosensitivity 

Mixed radiation 

fields 

Late stochastic 

effects of heavy 

ions 

Normal tissue 

deterministic 

effects 

Radioprotectors 

Bio markers 

Bystander effect 

volume. Dose to the normal for the Mars mission 

tissue depend on the 

treatment plan. 

Partial-body, fractionation Total-body, low dose-rate (1-2 mSv/day) 

(2 Gy-eq./day in the target 

volume) 

Patient selection, 

personalized treatment 

planning 

Personalized medical surveillance of the 

crewmembers 

Effects of primary particles Cosmic radiation is a mixed field. Effects of 

and fragments for tumor cell shielding. 

killing and side effects 

Risk of secondary cancers 

in patients 

Early and late morbidity 

Protection of the normal 

tissue, but not of the tumor. 

Drugs. 

Predicting risk of secondary 

cancers or late morbidity 

Role in tumor cell killing 

Risk of cancer in astronauts 

Cataracts, CNS damage, other late 

degenerative effects 

Protection from heavy ions at low doses and 

protons at high doses (solar particle event). 

Dietary supplements 

Reducing uncertainties in risk estimates 

Role in stochastic risk at very low fluence 
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3. Conclusioo 

Biological effects of densely ionizing radiation are becoming a key topic m 
radiobiology, because of the interest for heavy ions coming from space radiation 
protection and particle therapy. Large experimental campaigns are currently under way 
at accelerators, and it is likely that they will lead to a reduction of the uncertainty on the 
late risk of heavy ions. 
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Abstract. Relatively few experiments have been conducted on the effects to organisms 
following long-term exposures to low levels of radiation. Even fewer studies have 
examined the effects of radiological exposures to multiple generations of organisms. 
Speculations that damage will accumulate and be greater with each passing generation 
are plausible. Alternative, opposing views that adaptive response and repair 
mechanisms will counter the effects, such that damage does not increase with each 
generation, are equally plausible. Few data exist to support one hypothesis over the 
other, particularly for chronic, low-level exposures to vertebrate organisms. Our 
research explored exposures of low-dose irradiation to multiple generations of a model 
vertebrate organism, Japanese medaka (Oryzias latipes), one of the most widely used 
fish in comparative mutagenesis and carcinogenesis studies. A unique outdoor 
irradiation facility allowed us to examine effects to five generations of medaka that 
were continuously irradiated to different dose rates. The dose rates bracketed the IAEA 
guideline for acceptable chronic exposures to aquatic wildlife (10 mGy d- 1), and thus 
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were a test to see if the guidelines were applicable for multigenerational exposures. The 
effects on reproductive endpoints that might influence population dynamics were 
examined. Our intention was to test the hypothesis that multigenerational exposures to 
low dose rate irradiation are no more damaging, as measured by reproductive 
characteristics that could potentially impact a population, than damage incurred from 
exposure to a single generation. The data suggest that total accumulated dose may be 
more meaningful than dose rate when trying to predict effects to populations of 
chronically exposed organisms. Such knowledge is needed because chronic exposure to 
low levels of radiation is a more likely scenario for nuclear workers, and to wildlife 
exposed to routine releases from nuclear facilities. 

Keywords: medaka; radioecology; dose-effect relationship; chronic exposure; low dose-rate; 
reproduction 

1. Introduction 

Exposure regimes influence the biological effects caused from ionizing radiation. A 
dose received over a few seconds will have a different biological effect compared to the 
same dose received over an organism's life time. Current knowledge of how responses 
vary from different radiological exposure regimes is inadequate to allow confident 
predictions about the effects that might result from low-level, chronic exposures. Most 
effects data have been derived from acute, high dose rate experiments. Relatively few 
experiments have been conducted on the effects to vertebrates following long-term 
exposures to low levels of radiation. Even fewer studies have examined the effects of 
radiological exposures to multiple generations of organisms. Speculations that damage 
will accumulate and be greater with each passing generation are plausible. Alternative, 
opposing views that adaptive responses, repair and compensating mechanisms will 
counter the effects, such that damage does not increase with each generation, are 
equally plausible. Few data sets exist to support one hypothesis over the other, 
particularly for chronic, low level exposures to vertebrate organisms. Such knowledge 
is needed because chronic exposure to low levels of radiation is a more likely scenario 
for nuclear workers, and to wildlife exposed to routine releases from nuclear facilities. 
Regulation of the latter is becoming a necessity with recent changes in regulations 
(Euratom, 20 I 0) and as international committees place an emphasis on developing 
protection criteria specific to non-human biota (ICRP, 2009). 

Our research explored multigenerational exposures of low dose rate irradiation to a 
model vertebrate organism. A unique outdoor irradiation facility allowed us to examine 
effects to five generations of vertebrate animals that were continuous irradiated to 
different dose rates. The dose rates bracketed the IAEA guideline for acceptable chronic 
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exposures to aquatic wildlife, and thus were a test to see if the guidelines were 
applicable for multigenerational exposures. The effects on reproductive endpoints that 
might influence population dynamics were examined. Our intention was to test the 
hypothesis that multigenerational exposures to low dose rate irradiation are no more 
damaging, as measured by reproductive characteristics that could potentially impact a 
population, than damage incurred from exposure to a single generation. Additionally, 
the vertebrate model that we chose, Japanese medaka ( Oryzias latipes ), are one of the 
most widely used fish in comparative mutagenesis and carcinogenesis studies. Shimada 
and Shima (1998) showed that the mutational response of the medaka male germ cell 
was close to that of the mouse, and therefore medaka are a viable non-mammalian 
model system for risk assessments from environmental mutagens. 

2. Methods 

2.1. LOW DOSE RA TE IRRADIATION FACILITY (LoDIF) 

LoDIF is an outdoor, gamma-irradiation array consisting of 40 fiberglass, open-air 
tanks designed to house aquatic organisms such that all stages of their life cycle (from 
eggs to breeding adults) can be continuously irradiated (Hinton et al. 2004). This aspect 
of the LoDIF, as well as the ability to replicate the experimental design and irradiate 
large numbers of organisms, makes it a unique facility. Each tank, or mesocosm, is 
parabolic in shape, 2.4 m in diameter and holds approximately 965 L of water with a 
maximum depth of 41 cm (Figure 1). The mesocosms are of a flow-through design and 
receive water from a nearby lake at rates that were adjusted to about I L min-1• 

The mesocosms allow manipulative experiments to be conducted on whole 
organisms in conditions more natural than laboratory settings, similar to what has been 
successfully used in ecology and population biology (Wilbur, 1987; Rowe and Dunson, 
1994). Mesocosms allow the researcher to apply specific treatments in a more 
controlled environment than large-scale field tests. The LoDIF facility is arranged into 
eight 6.5 m x I 0.5 m blocks, with each block containing five mesocosms, suitable for 
randomized block experimental designs (Figure 2). 
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Figure 1. Photo of a single mesocosm, showing the dimensions of the tank and a 137Cs irradiator with collimated 
shielding positioned above it. The LoDIF has 40 such mesocosms installed over a 0.4 ha area. A single container is 
shown directly underneath the irradiator. Such containers house I 0 to 20 fish. Several containers can be placed in a circle 
around the central beam of the irradiator such that each is exposed to the same dose rate. Precise geometry measurements 
and mapping of the irradiation field with TLDs allowed accurate esti mates of the dose received by the fish. 

Figure 2. Photo of a portion of the 
LoDIF facility, showing a pad 
with five mesocosms, three of 
which have sealed Cs-137 sources 
above them (cylinders mounted on 
frames that cross the mesocosm). 
Eight replicate pads exist within 
the LoDIF, resulting in 40 
mesocosms. 

Irradiation treatments can be applied via specially designed irradiators mounted on 
steel frames and placed over three of the five individual mesocosms within each of the 
eight blocks (Figure 2). The two unirradiated mesocosms within each block were 
intended to serve as controls. (The controls tanks received a dose rate of 0.1 mGy d-1 

due to scatter of radiation from the nearby irradiated mesocosms; discussed below). 
Each irradiator contains a 0.74, 7.4 or 74.0 MBq sealed 137Cs source within a lead 
container, collimated to deliver an exposure to animals residing in the tank below. The 
7.4 MBq source strength and associated geometry was designed to deliver a mean dose 
rate of approximately I 0 mGy d-1• The other two source strengths give mean dose rates 
that are factors of I 0 less than, and greater than I 0 mGy d-1• Thus, the facility was 
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designed specifically to determine if populations of aquatic organisms are truly 
protected by what is currently thought to be appropriate dose rates by the International 
Atomic Energy Agency (10 mGy d" 1). 

Our experiments used a fish species as a vertebrate model. All life stages of the fish, 
from egg to reproductive adult, were continuously irradiated within the LoDIF under 
controlled conditions. Living conditions within the LoDIF were favorable for the 
species to grow and reproduce. Fish were maintained in mixed gender groups of - 20 
individuals per container (x 8 blocks - 160 adult fish per treatment), and placed within 
the gamma field to obtain specific dose rates. 

2.2. MODEL ORGANISM AND LIFE CYCLE EXPOSURES 

We selected a species of small fish, the Japanese medaka (Oryzias latipes), as our 
model vertebrate organism. The genetics, developmental biology, embryology, and 
specific developmental stages of medaka have been extensively characterized 
(Yamamoto 1975). Medaka is the leading fish species used to identify and predict 
human health effects following toxicant exposure. Medaka are recognized as important 
comparative animal models for addressing questions related to a variety of processes 
and diseases, including cancer, DNA repair, mutations, infectious diseases, aging, 
developmental biology, endocrine disruption, and genetics. The use of medaka in 
biomedical and environmental research, especially as a carcinogenesis model related to 
identifying and predicting human health effects from toxicant exposure, has received 
considerable attention (Wittbrodt et al. 2002; Winn et al. 2000; Shima and Shimada 
2001). 

The species has numerous advantages for experimental laboratory and field studies 
including: small size (about 2.5 cm in length); a short maturation time of 8 to 10 weeks; 
and a prolific capacity to reproduce (6 to 30 eggs d- 1). The life history characteristics of 
medaka are such that several generations of fish can be exposed within a relatively short 
time period. We used a Kyoto-Cab Medaka wild-type strain, courtesy of Hiroshi Mitani 
(Tokyo University), with a low background of embryonic abnormalities (Furutani-Seiki, 
et al. 2004). 

Female medaka spawn daily and retain their egg clutch externally on their abdomen 
for several hours. Males fertilize the eggs externally while the clutch adheres to the 
female. Fertilization occurs at dawn. To obtain the embryos, clusters of eggs were 
removed from females that were chronically exposed to the various dose rate treatments 
within the LoDIF. The eggs were immediately brought into the laboratory for cleaning 
and evaluation. Egg clutches were gently rubbed to remove attached chorion filaments 
and to isolate individual eggs. Eggs were examined under a stereoscopic microscope to 
determine if fertilized. The number of viable eggs, and number of dead eggs per gravid 
female were recorded. Cleaned, viable eggs were placed in petri dishes with 1 ppm 
methylene blue water, returned to the LoDIF within hours after the formation of the 
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clutch, and exposed to the same irradiation dose rate treatment as the parents (Figure 
3). The health status of eggs was monitored daily until hatching. Newly hatched fry 
remained in the LoDIF, also under the same radiation treatment as their parents. 
Hatching success per radiation treatment was recorded. Fry were contained in small 
buckets with fine screen mesh to allow in- and out-flow of water (Figure 4). Subadults 
were moved to larger buckets. Densities of fish were kept similar among the irradiation 
treatments to normalize potential confounding variables of crowding, food resources, 
lighting, competition, etc. Subadults matured, reached breeding conditions, and were 
monitored accordingly, while continuously being irradiated. 

Figure 3. Special containers housed fish eggs 
and were exposed under known geometries 
with doses measured by TLDs. The photo 
depicts one of several egg exposure 
arrangements that were tested. 

Figure 4. Several medaka fish are observable 
within a hatchling container used for 
irradiating small fry. The grey circle at the 
top of the inner bucket is a screened port for 
water to flow. Similar, rectangular ports are 
seen as dark patches on the right and left of 
the larger container. The circular object at the 
bottom of the inner container is a water 
temperature recording device. 

The process described above was repeated such that five generations of medaka were 
exposed to the radiation treatments; from eggs through breeding adults. Several 
containers of fish were placed within each mesocosm, each under a known and specific 
exposure geometry in which the dose rate was known from measured TLD readings. 
The numbers of fish within each treatment were sufficiently large that cohorts of fish 
could be removed for specialized analyses, while leaving sufficient stock for producing 
the next generation of fish . Samples of fish were routinely removed for genetic and 
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molecular analyses (results to be reported elsewhere). The irradiators were shut down 
for a cumulative time of about two days per month for maintenance or special care of 
the fish. Feeding was done remotely and did not require turning off irradiators. 

3. Experimental Design 

These experiments started with the introduction of the founding generation, as 
subadult medaka, into the LoDIF on 17 February 2006. These fish were termed GO; 
subsequent generations were designated as G 1 through GS. Fish were continuously 
exposed to four dose rate treatments (0.1; 2.4; 21; and 221 mGy/d). Treatments were 
replicated 8 times within the 8 pads (Figure 2), and -20 fish of mixed gender were 
housed within each holding container (Figure 1) for each replicate. Thus a total of -
640 fish were used for the GO group (160 fish per dose rate treatment, with 8 blocks of 
20 fish each, x 4 treatments). GO fish were exposed for 94 days at which time their eggs 
were collected and the G 1 generation exposure began. The experiment was completed 
on 17 September 2008, with the collection of GS eggs from the fifth generation of 
chronically exposed adults (G4). 

3.1. DOSIMETRY 

Thermoluminescent dosimeters (TLDs) were placed within the exposure field to 
obtain mean dose rate estimates. The precision with which dose rates can be estimated 
within the facility reduces the uncertainties often associated with dose-response 
relationships. Dose rates varied according to the life history stage in which the fish were 
exposed (egg, fry, adult) due to the type of enclosures required to house the fish and 
their geometries relative to the 137Cs sources. 

The total dose received by each generation of fish was dependent on the dose rate of 
the treatment and the length of exposure period. The latter varied, particularly for fish 
that over-wintered within the LoDIF. Their exposure period was longer. Over
wintering was necessary to maintain the fish lines for the following spring. Natural 
temperature and light conditions were not conducive for the medaka to breed in the 
winter, thus we were required to wait until spring for the next generation of fish to be 
produced. The accumulated doses for each generation [G(n)] at the time eggs were 
collected for start of the next generation [G(n+l)] are given in TABLE 1. 

3.2. REPRODUCTIVE ENDPOINTS 

Reproduction is regarded by the IAEA to be a more sensitive endpoint than mortality 
following exposure to radiation (IAEA, 1992). Changes in reproductive output are also 
thought to impact populations of biota. With the exception of endangered species, or 
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humans, populations are the level of biological organization managed for health from 
contaminant exposures. Thus, we chose to examine several reproductive-related 
endpoints in the medaka exposed to chronic irradiation within the LoDIF. 

TABLE I. Mean dose received by each parental group [G(n)] at the time the next generation of eggs 

(G(n+l)] were produced as a function of the four dose rate treatments (0.1; 2.4; 21and221 mGy/d). Total 

dose from one generation to the next were not the same due to different exposure durations (required over

wintering of fish before the next generation could be produced). 

Dose rate treatments (mean mGy Id) 

G(n) Date G(n) Date G(n+I) Exposure Control 0.1 Low 2.4 Medium 21 High 221 
producing placed in collected days ofG(n) 

G(n+l) LoDIF from LoDIF in LoDIF Resulting Cumulative Dose (mGy) 

Go -Gl l 7-Feb-06 25-May-06 94 9 220 1,970 20.800 

Gl -G2 25-May-06 8-Sep-06 102 10 240 2,150 None* 

G2-G3 8-Sep-06 29-May-07 254 25 590 5,340 None* 

G3-G4 29-May-07 30-Aug-07 90 9 210 1,890 None* 

G4 - GS 30-Aug-07 17-Sep-08 371 37 850 7,800 None* 

• Effects at the highest dose rates were sufficient that subsequent generations could not be maintained. 

A suite of data was collected in the LoDIF facility at the time eggs were harvested 
for propagation of the next generation. Procedures for processing the eggs were 
described under Section 2.2. Data collected included: 1) number of gravid females; 2) 
total number of eggs produced; 3) total number of live eggs produced; 4) total number 
of eggs that hatched; and 5) total number of hatchlings that survived for 15 days. Each 
of these reproductive parameters is related to the successful recruitment of young into 
the next generation of animals. The sensitivity of each parameter varies in response to 
contaminants and other stressors. Compensating mechanisms and adaptation can result 
in non-linear responses, and in what may seem like opposing responses to stress. A 
good example is the work of Blaylock (1969), where fish exposed to radiation suffered 
a reduction in the number of fertile eggs; but an increase in the number of eggs 
produced, such that the net effect in total fertile eggs produced did not differ from 
controls. Ultimately, it is the integration of all these reproductive parameters that 
determines the size of the next population cohort. 

Thus, herein, we elected to combine the above parameters into an Index of 
Reproductive Success (IRS), by multiplying the number of eggs produced per female, 
times the percent fertility of the eggs, times the percent of fertile eggs that were still 
alive as fry 15-days post hatching. Fifteen days is a critical threshold for medaka. Fry 
that survey that period have a reasonable probability of reaching adulthood. We used 
the following parameter to compare treatments and to test our hypothesis: 

IRS= Eggs X Fertility X Survival 
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Where: IRS = Index of Reproductive Success; Eggs = mean # of eggs per female; 
Fertility = mean percent fertility; and Survival = mean percent survival of fry (15 days 
post-hatching). Uncertainties, expressed as standard deviations (Stdv), were propagated 
as: 

Stdv IRS= (Stdv EggsJ
2 

+(Stdv Ferti!ityJ2 +(Stdv Surviva~2 X mean IRS 
Eggs Fertility ) Survival ) 

Effects to reproductive success, as measured by the reproductive index described 
above, were compared among the various LoDIF dose rate treatments (TABLE 1); and 
also compared among the various generations of exposed fish. 

4. Results and Discussion 

After 94 days of exposure to the various dose rate treatments, the reproductive abilities 
of the founding GO fish were examined. The mean numbers of eggs produced were not 
affected by the irradiation treatments. However, significant reductions occurred in the 
number of live eggs and in the number of hatchlings produced from fish exposed to the 
highest dose rate. These reductions were so strong that we were unable to populate the 
high dose rate group for an additional generation. Their mean Index of Reproductive 
Success was only 0.05 ± 0.1. Thus, the remaining multigenerational experiment within 
the LoDIF involved fish from the three lower dose rate treatments (0.1; 2.4 and 21 mGy 
d" I). 

4.1. LOW DOSE-RATE FIELD DATA 

Figure 5 shows the mean IRS for five generations of fish continuously exposed to three 
dose rate treatments within the LoDIF. No differences appear to exist in IRS among the 
three dose rate treatments for generations GO, G 1 or G3. A reduced IRS appears to 
have occurred at the highest dose rate of 21 mGy /d for generations G2 and G4. 

The overall exposure times in days are also shown for each generation in Figure 5. 
Generations GO, G 1 and G3 were exposed for similar lengths of times (- 90 to 100 
days); whereas G2 and G4 were exposed considerable longer (G2 = 254 days and G4 = 
371 days). The latter two are the generations in which the IRS decreased for the fish 
exposed to the highest dose rates. The longer exposure periods resulted in fish in G2 
and G4 acquiring greater total doses (TABLE 1 presents total dose per generation). The 
fact that the 21 mGy d-1 treatment appears to have been impacted during the generation 
(G2) were total doses were twice as great; "recovered" the following generation (G3) 
when total doses were halved; and then suffered damage again in G4 when total dose 
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were three time greater suggests that reproductive effects, as measured by the IRS, are 
likely driven by total dose, and less by a multigenerational mechanism or dose rate. 

The overall exposure times in days are also shown for each generation in Figure 5. 
Generations GO, G 1 and G3 were exposed for similar lengths of times (- 90 to 100 
days); whereas G2 and G4 were exposed considerable longer (G2 = 254 days and G4 = 
371 days). The latter two are the generations in which the IRS decreased for the fish 
exposed to the highest dose rates. The longer exposure periods resulted in fish in G2 
and G4 acquiring greater total doses (TABLE 1 presents total dose per generation). The 
fact that the 21 mGy d" 1 treatment appears to have been impacted during the generation 
(G2) were total doses were twice as great; "recovered" the following generation (G3) 
when total doses were halved; and then suffered damage again in G4 when total dose 
were three time greater suggests that reproductive effects, as measured by the IRS, are 
likely driven by total dose, and less by a multigenerational mechanism or dose rate. 
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Figure 5. LoDIF Field Data. 
Five generations of medaka, 
continuously exposed to three 
dose rate treatments. Data show 
an Index of reproductive 
success (IRS) for each 
generation. The exposure days 
for each generation are also 
shown. 

Note that even at the lowest dose rate of 0.1 mGy d"1 there is considerable differences 
in IRS between generations (Figure 6). Differences in temperatures, food resources, 
and seasons are factors known to influence egg production (Koger et al., 1999). Such 
factors definitely occurred within the outdoor conditions of the LoDIF, and contributed, 
to some unknown extent, in fish from the same dose rate treatments having differences 
in IRS from one generation to the next. 

The lowest dose rate of 0.1 mGy d"1 occurred in the "controls" due to scatter 
radiation from the nearby irradiated mesocosms. 0.1 mGy d"1 is two orders of magnitude 
lower than the IAEA guideline considered to be safe for populations of aquatic 
organisms. It is also less than the 0.2 mGy d"1 benchmark value proposed as protective 
of the environment, based on species sensitivity distributions (Andersson, et al., 2009). 
If we consider the 0.1 mGy d"1 to represent control conditions, then the data can be 
normalized to the same IRS across generations for the 0.1 mGy d"1 treatments, and we 
can thus attempt to remove the variation caused from temperature, light regimes, and 
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food resources. The direction and amount of normalization required for each generation 
within the 0.1 mGy d-1 treatment was then applied to the other two dose rate treatments, 
resulting in the normalized data graphed in Figure 7. 
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Figure 6. LoDIF Field 
Data. Index of 
reproductive success for 
five generations of 
medaka exposed to 
three dose rate 
treatments . 

Figure 7. LoDIF Field 
Data normalized to 
remove seasonal outdoor 
temperature, lighting and 
food resource variation. 
All data were normalized 
such that the IRS for the 
lowest dose rate 
treatment for each 
generation were equal. 
The normalized mean 
IRS value for G4 at 21 
mGy d" 1 was 0.0 ± 8.1. 

Analysis of the normalized data suggests that the IRS was only reduced in the 
21 mGy d-1 treatments, and then only for G2 and G4 populations (the two generations 
with the longest exposure times and thus the highest total accumulated doses). Thus 
normalization supports the theory that the reproductive effects observed in the IRS are 
more likely due to the accumulation of a total dose, rather than due to the confounding 
factors of dose rate and multigenerational phenomena. Actually, it is more likely that 
dose, dose-rate and generation are interacting in complicated, non-linear ways. More 
advanced statistical procedures are currently being used on this data set to see if their 
respective contributions can be better illuminated. 
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If total accumulated dose turns out to be the dominant factor contributing to a 
decrease in the IRS endpoint, then a dose response curve can be drawn from the entire 
normalized data set (Figure 8). The curve, on log-linear axes, suggests that a threshold 
dose of approximately 3 Gy is needed before a significant reduction in the IRS occurs. 
At the IAEA suggested dose rate guidance of 10 mGy d-1, a total accumulated dose of 3 
Gy could be obtained in 300 days. This period of time is easily achievable within the 2 
to 5 year life time typical of medaka living outdoors (Shima and Mitani, 2004 ). 

Overall, these data represent a valuable contribution to the science of radiation
effects studies. They suggest that total accumulated dose may be more meaningful than 
dose rate when trying to predict effects to populations of chronically exposed 
organisms. The data are rare in that few other studies have examined multiple 
generations of a vertebrate animal under different chronic dose rate treatments (Table 
2). The data from several other LoDIF experiments (including some acute exposures to 
medaka at the same doses) are being analyzed. We are actively conducting more 
rigorous statistical analyses of the data presented herein. 
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TABLE 2. Other reproductive effects documented m fish following chronic exposures to 
radiation. 

Fish Species mGy/d Reproductive Effects Reference 

Gambusia afjinis 4 increased frequency of dead embryos, Blaylock, 1969 

offset by larger brood sizes 

Ruti/us rutilus > 5 reduced fecundity Peshkov et al., 1978 

Hypophthalmichthys 10 6 % sterility when living in Chernobyl Bel ova et al. 1993; as cited by 

molitrix Cooling Reservoir Sazykina and Kryshev, 2003 

Tilapia mossambica 30 - 40 total sterility from chronic 90Sr Voronina 1973; as cited by 

exposure Sazykina and Kryshev, 2003 

Poecilia reticulata 40 57 % decrease in fecundity, Woodhead, 1977 

Oryzias latipes 65 

Ameca splendens 185 
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Abstract. Ionizing radiation (IR) is an important diagnostic and treatment modality, yet 
it is also a potent genotoxic agent that causes genome instability and carcinogenesis. 
While modem cancer radiation therapy has led to increased patient survival rates, the 
risk of radiation treatment-related complications is becoming a growing problem as 
radiation poses a threat to the exposed individuals and their progeny. Radiation-induced 
genome instability, which manifests as an elevated mutation rate (both delayed and non
targeted), chromosomal aberrations and changes in gene expression, has been well
documented in directly exposed cells and organisms. However, it has also been 
observed in distant, naive, out-of-field, 'bystander' cells and their progeny. 
Enigmatically, this increased instability is even observed in the pre-conceptually 
exposed progeny of animals, including humans. The mechanisms by which these distal 
effects arise remain obscure and, recently, have been proposed to be epigenetic in 
nature. 

Epigenetic alterations which comprise mitotically and meiotically heritable changes 
in gene expression that are not caused by changes in the primary DNA sequence, are 
increasingly being recognized for their roles in health and disease. Three major areas of 
epigenetics-DNA methylation, histone modifications and small RNA-mediated 
silencing, are known to have profound effects on controlling gene expression. Yet, the 
exact nature of the epigenetic changes and their precise roles in IR responses and IR
induced genome instability still need to be delineated. Here we will focus on the nature 
of epigenetic changes in directly exposed and bystander tissues. We will also discuss 
the emerging evidence that support the role of epigenetic deregulation in 
transgenerational effects . 
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. Epigenetics - a Brief Historical Overview of a Science Reborn 

The term 'epigenetics' (outside of genetics) was introduced by developmental 
fologist Conrad Hall Waddington well before the discovery the molecular structure of 
>NA itself. Waddington's model proposed that epigenetics describes how genes within 

multicellular organism interact with other genes and their environment to yield a 
ertain phenotype (Van Speybroeck 2002). In later works by Robin Holliday, 
plgenetics was characterized as the cellular "mechanisms of temporal and spatial 
ontrol of gene activity during development" (Holliday 1990). 

After the discovery of DNA as the genetic material, the field of epigenetics was 
vershadowed by studies focused on the role of changes in DNA sequence between 
arious normal and pathological conditions. It was not until the near completion of the 
1uman, and several other genome projects, that an interest in epigenetics was 'reborn.' 
ly this time, many researchers had come to understand that genome sequences failed to 
idly explain the complexity of cellular processes, regulation or, most importantly, the 
ine-tuning of cell-organism-environment interactions. 

One can not discount the importance of the genetic code: it is indispensible for life. 
~esides containing the coding information for RNAs and proteins, the DNA sequence 
1lso harbours a variety of gene expression guidelines within regulatory sequences such 
1s promoters, enhancers and other elements. Nevertheless, it has become clear that 
egulatory elements may function differently under certain conditions or cell states 
ivithout requiring any DNA sequence alterations. However, it has been noted that these 
:hanges are usually accompanied by chromatin modifications. Thus, it has become 
1ecessary to focus on the non-sequential characteristics of the genome: those aspects 
1ot detailed in the genetic code but, rather outside of it, the 'epi-gentics' so to speak. 
\nd indeed, in practice the term "epigenetics" has been adopted to refer to the 
:iformation contained in chromatin rather than in the actual DNA sequence (Jaenisch 
nd Bird 2003; Bird 2007). 

What is Epigenetics? 

Modem science defines epigenetics as meiotically and mitotically stable alterations 
1 gene expression that are not based on DNA sequence changes and involve processes 
hat impact chromatin structure such as DNA methylation, histone modifications and 
;enomic imprinting (Bird 2007; Weber and Schubeler 2007; Weidman, Dolinoy et al. 
.007). More recently, RNA-mediated silencing was proposed as another epigenetic 
1henomenon (Bernstein and Allis 2005). 
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2.1. DNA METHYLA TION 

Cytosine DNA methylation was the first epigenetic alteration identified and has 
become the most widely studied (Feinberg and Vogelstein 1983; Feinberg 2004). It is 
known to be associated with inactive chromatin state and in most cases with the 
repressed gene expression activity (Jaenisch and Bird 2003; Klose and Bird 2006; 
Weber and Schubeler 2007) and, thus, is crucially important for the regulation of gene 
expression, silencing of parasitic sequences, X-chromosome inactivation and overall, 
for the normal development, cell proliferation and proper maintenance of genome 
stability of a given organism (Robertson 2002; Jaenisch and Bird 2003).n mammals, 
DNA methylation occurs predominantly in the context of CG dinucleotides which are 
methylated 60-80 % of the time (Weber and Schubeler 2007). This methylation 
occurs specifically at cytosine residues and requires the activity of DNA 
methyltransferase (DNMT) enzymes to form 5-methylcytosine. In mammals, three 
DNA methyltransferases (DNMTl, DNMT3a and DNMT3b) are primarily responsible 
for establishing and maintaining DNA methylation patterns at CpG sites (Robertson 
2001; Rountree, Bachman et al. 2001; Goll and Bestor 2005). DNMTl is the major 
enzyme involved in maintaining the existing pattern of DNA methylation following 
DNA replication (Liang, Chan et al. 2002). It localizes to the replication fork, where it 
can directly modify nascent DNA immediately after replication (Goll and Bestor 2005; 
Jirtle and Skinner 2007; Weber and Schubeler 2007). In contrast, Dnmt3a and Dnmt3b 
are de novo methyltransferases that target unmethylated and hemi-methylated sites in 
response to intra- and inter- cellular signals that are not yet fully elucidated (Okano, 
Bell et al. 1999; Goll and Bestor 2005; Weber and Schubeler 2007). Deregulation of 
these proteins is frequently recognized in diseased states and likely is involved in the 
altered methylation patterns that are a hallmark of numerous diseases (Goll and Bestor 
2005; Jirtle and Skinner 2007; Weber and Schubeler 2007). 

Altered global DNA methylation patterns are a well-known characteristic of cancer 
cells (Weidman, Dolinoy et al. 2007). Frequently, cancer cells are characterized by 
global genome hypomethylation with concurrent hypermethylation of selected CpG 
islands within gene promoters (Jaenisch and Bird 2003; Baylin and Chen 2005; Baylin 
and Ohm 2006; Weidman, Dolinoy et al. 2007). The global loss of DNA methylation at 
CpG dinucleotides was the first epigenetic abnormality identified in cancer cells, and it 
has been linked to the activation of transposable elements, elevated chromosome 
breakage, aneuploidy, increased mutation rates and, thus, to the phenomenon of a global 
genomic instability (Robertson and Wolffe 2000; Robertson 2001; Weber and 
Schubeler 2007; Weidman, Dolinoy et al. 2007). 

2.2. HISTONE MODIFICATIONS 

Changes in DNA methylation do not appear to be isolated, independent events. 
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Such changes accompany global chromatin deregulation and, sometimes, histone 
modifications (Jenuwein and Allis 2001; Jaenisch and Bird 2003). The term 'histone 
code' is used to describe the plethora of potential covalent modifications that may occur 
on several of the core histones. These modifications, many of which are still not fully 
understood, allow for an enormous amount of flexibility and complexity of the 
regulatory responsibilities of chromatin and include (not exclusively) acetylation, 
methylation, ribosylation, ubiquitination, sumolation and phosphorylation. Although the 
full scope of their effects remains mostly unexplored, many of these modifications are 
known to alter the spatial arrangement of the DNA strand, thus, changing the 
accessibility for numerous DNA associating proteins. Frequently, these spatial 
rearrangements impact transcriptional regulation. Examples of such modifications 
include histone acetylation, methylation and phosphorylation (Jenuwein and Allis 2001; 
Weidman, Dolinoy et al. 2007). 

Acetylated histone tails lose their positive charge reducing their affinity for the negatively 
charged DNA and, thus, lead to a more relaxed chromatin packaging. The increasingly relaxed 
acetylated loci experience increased transcriptional activation, while histone deacetylation has 
an opposite effect-transcriptional repression (Jenuwein and Allis 2001). Histone methylation 
is not so straight forward. Methylation can result in different transcriptional consequences 
depending upon the residue affected (Cheung and Lau 2005; Saha, Wittmeyer et al. 2006). 
For example, methylation of lysine 9 of histone ID is associated with chromatin compaction 
and gene silencing, while methylation of lysines 4 or 27 of histone H3 results in chromatin 
relaxation and transcriptional activation. Additionally, histone residues can be either 
mono-, di- or tri-methylated, and again, lead to different transcriptional profiles (both 
between the degree of methylation and the recipient residues) (Cheung and Lau 2005; 
Saha, Wittmeyer et al. 2006; Weidman, Dolinoy et al. 2007; He, Dunn et al. 2008). In a 
practical example, it has been shown that tumours undergo a massive loss of tri
methylation at lysine 20 of histone H4 (Fraga, Ballestar et al. 2005; Tryndyak, 
Kovalchuk et al. 2006). This loss occurs along with DNA hypomethylation and is 
linked to chromatin relaxation, aberrant expression and has been suggested to be a 
universal marker for malignant transformation (Sanders, Portoso et al. 2004; Fraga, 
Ballestar et al. 2005). 

Although influencing transcription and expression is considered the paramount 
purpose of the epigenome, it also has been implicated in identifying DNA lesions, 
recruiting repair complexes and facilitating in the repair process. Phosphorylation, 
another important facet of the histone code, (He, Dunn et al. 2008) is best studied in the 
modification of histone H2AX (a member of the H2A family). The phosphorylation of 
H2AX is crucially important for the repair of DNA strand breaks and the maintenance 
of genome stability (Celeste, Difilippantonio et al. 2003). As H2AX becomes 
phosphorylated at serine 139 (yH2AX) it accumulates in foci at the break sites, possibly 
as one of the earliest cellular responses to double strand breaks (DSBs) (Rogakou, Pilch 
et al. 1998; Pilch, Sedelnikova et al. 2003; Sedelnikova, Pilch et al. 2003). A direct 
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correlation exists between H2AX phosphorylation and the number of radiation induced 
DSBs (Celeste, Fernandez-Capetillo et al. 2003). Again, it appears that this mechanism 
does not act exclusively as yH2AX recruits histone acetyl transferase (HA Ts) to relax 
the neighbouring chromatin. 

2.3. SMALL RNAS - NEW REGULATORS OF GENE EXPRESSION 

Another mechanism of epigenetic control is mediated through small regulatory 
RNAs (Bernstein and Allis 2005) with a particular interest in microRNAs (miRNAs). 
miRNAs are abundant, small, single-stranded, non-coding RNAs that regulate gene 
expression and are conserved across species (Hwang and Mendell 2006; Sevignani, 
Calin et al. 2006). To control the translation of the target mRNAs, miRNAs associate 
with the RNA-induced silencing complex (RISC) proteins and bind to the 3'UTR of 
mRNAs, thus, serving as translational suppressors that regulate protein synthesis 
(Hutvagner and Zamore 2002). Regulatory miRNAs impact cellular differentiation, 
proliferation, apoptosis and, possibly, even predisposition to cancer (Hwang and 
Mendell 2006; Fabbri, Ivan et al. 2007). Aberrant levels of miRNAs have been reported 
in a variety of human cancers (Volinia, Calin et al. 2006; Wiemer 2007). Furthermore, it 
has been suggested that small RNAs may be involved in the regulation of chromatin 
packaging (Grewal and Moazed 2003; Bernstein and Allis 2005). 

Another class of short, non-coding RNAs are 29-30 nucleotides long and form 
complexes with Piwi proteins (piRNAs) (Aravin, Sachidanandam et al. 2007; Carmell, 
Girard et al. 2007; Aravin, Sachidanandam et al. 2008; Das, Bagijn et al. 2008; Farazi, 
Juranek et al. 2008). This novel class of small RNA molecules, discovered in 2007, are 
expressed in the mammalian germline and have been linked to silencing of 
retrotransposons and other gerrnline genetic elements (Carmell, Girard et al. 2007; 
Aravin, Sachidanandam et al. 2008; Das, Bagijn et al. 2008). 

2.4. EPIGENETICS AND ENVIRONEMENT 

Epigenetic regulation appears to be vitally important for all organisms-especially 
eukaryotes, and during this decade it has become increasingly apparent that epigenetic 
changes modulate the molecular, cellular and organism responses to a changing 
environment (Minamoto, Mai et al. 1999; Jaenisch and Bird 2003; Wade and Archer 
2006; Jirtle and Skinner 2007; Weidman, Dolinoy et al. 2007). Through interaction 
with their surrounding environment, living organisms are constantly exposed to a 
variety of stressors including physical, chemical, biological and social. Although these 
interactions may be positive and negative, all of them may potentially re-shape not only 
the genome, but also the epigenome. The body of work supporting this hypothesis 
continues to grow as more effort is applied to investigating the molecular players 
involved in communicating the signals and effecting the epigenetic changes. The full 

206 



potential of epigenetics and the role it plays in maintaining a balanced physiology 
cannot be fully appreciated until all the mechanisms are fully researched and 
understood: a daunting, albeit, critically important task. 

3. Direct Effects of Radiation Exposure 

Besides diagnostic and therapeutic medical radiation exposures, which usually 
represent finite doses, most exposure comes from more ubiquitous, unobvious sources 
that tend to supply chronic levels of radiation. These include backround radiation, 
cosmic rays, radioactive waste, radon decay, nuclear tests and accidents (e.g. Chernobyl 
and other nuclear power plants). It is important to note that all living organisms are 
exposed to ionizing radiation (IR) on a day-to-day basis (both purposeful and 
unavoidable) yet, the underlying mechanisms of such exposure is not fully understood. 
On one hand, IR is a well-known cancer-inducing agent. The carcinogenic potential of 
IR was recognized soon after its discovery, when the first radiation-induced tumor was 
reported in 1902 (Chauveinc, Giraud et al. 1998; Little 2000; Little 2003). Over the past 
decade, intense research efforts have been made to elucidate the cellular and molecular 
mechanisms of radiation-induced carcinogenisis in mammalian cells. On the other 
hand, radiation is one of the primary clinical methods used for detecting and fighting 
human malignancies: medical practices that are responsible for prolonging countless 
lives. It can be difficult to justify the use of a known mutagen and carcinogen in such 
clinical methods without fully understanding the proximal, distal, immediate and 
persistant effects that are caused by radiation exposure, which makes investigations into 
the direct and indirect effects of IR much more imperative. 

IR can disrupt a variety of processes in exposed cells including gene expression, 
mitochondrial processes, cell cycle arrest and apoptotic cell death (Amundson and 
Fornace 2003; Amundson, Lee et al. 2003; Criswell, Leskov et al. 2003; Fei and El
Deiry 2003; Iliakis, Wang et al. 2003; Powell and Kachnic 2003; Andreev, Eidelman et 
al. 2006; Jeggo and Lobrich 2006; Rodemann and Blaese 2007; Valerie, Yacoub et al. 
2007). Perhaps its most important characteristic is that IR is a potent DNA damaging 
agent capable of producing lesions such as cross linking, nucleotide base damage and 
single and double strand breaks (Little 2000; Huang 2003). The accumulation of DNA 
damage caused by IR in conjunction with the disrupted cellular regulation processes can 
lead to carcinogenesis (Little 2000). 

4. Epigenetic Changes in the Directly Exposed Tissue 

Direct radiation exposure strongly influences epigenetic effectors. DNA damaging 
agents including ionizing radiation have been reported to affect DNA methylation 
patterns (Kalinich, Catravas et al. 1989; Tawa, Kimura et al. 1998; Kovalchuk, Burke et 
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al. 2004). Acute exposures to low LET x-rays or y-rays were noted to result in global 
hypomethylation (Kalinich, Catravas et al. 1989; Tawa, Kimura et al. 1998). 
Surprisingly, this effect was not a generic response as it was later shown that the IR 
exposure leads to a profound dose-dependent and sex- and tissue- specific global DNA 
hypomethylation (Pogribny, Raiche et al. 2004; Raiche, Rodriguez-Juarez et al. 2004; 
Koturbash, Pogribny et al. 2005; Pogribny, Koturbash et al. 2005; Loree, Koturbash et 
al. 2006). Furthermore, the changes in methylation status did not appear to occur 
indiscriminately throughout the genome, but rather may be focused to particular loci as 
it was noted that IR exposure also affects methylation of the promoter of the p16 
tumour suppressor in a sex- and tissue-specific manner (Kovalchuk, Burke et al. 2004). 
These changes in methylation patterns correlated with the radiation-induced alterations 
in the expression of DNA methyltransferases, especially de nova methyltransferases 
DNMT3a and DNMT3b suggesting that the changes are part of purposeful radiation
induced mechanism and not just another immediate, direct radiation-induced structural 
change (Raiche, Rodriguez-Juarez et al. 2004; Pogribny, Koturbash et al. 2005). Most 
importantly, the radiation-induced global genome DNA hypomethylation appeared to be 
linked to genome instability in the exposed tissue (Pogribny, Raiche et al. 2004; Raiche, 
Rodriguez-Juarez et al. 2004; Pogribny, Koturbash et al. 2005; Loree, Koturbash et al. 
2006). 

DNA methylation is closely connected with other components of chromatin 
structure and although much attention has been given to the radiation-induced changes 
in DNA methylation, histones have been largely overlooked. Among the histone 
modifications that change upon radiation exposure, phosphorylation of histone H2AX 
has been studied most intensively. Recent studies have also indicated that radiation
induced global loss of DNA methylation may correlate with the changes in histone 
methylation, specifically with the loss of histone H4 lysine tri-methylation (Pogribny, 
Koturbash et al. 2005). 

5. Epigenetic Determinants of the Indirect Radiation Effects: Bystander Effect 

Despite a significant body of evidence that points towards the epigenetic nature of 
radiation-induced bystander and transgenerational effects, until recently few studies 
addressed the exact nature of epigenetic changes related to the indirect radiation 
response. The pioneering work of Kaup and colleagues has shown that DNA 
methylation is important for the maintenance of radiation-induced bystander effects in 
cultured cells. Using cultured human keratinocytes, they demonstrated that the 
dysregulation of DNA methylation profiles in nai've cells exposed to media from 
irradiated cells persists for 20 passages. Over a similar period of culture under similar 
conditions, these cells also exhibited an increased and persistent level of chromosome 
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and chromatid aberrations, reproductive cell death, apoptosis and other signs of genome 
instability (Kaup, Grandjean et al. 2006). 

Epigenetic changes were also shown to be important in whole-tissue- and whole
organism-based bystander effect models. The reconstituted 3D human tissue model 
offers an excellent alternative to cell cultures. The recent study by Sedelnikova and 
colleagues examined bystander effects in two reconstructed human 3D tissue models
bronchial epithelial and full-thickness skin. Following microbeam irradiation of cells 
located in a thin plane through the tissue, a variety of biological endpoints were 
analyzed in distal bystander cells (up to 2.5 mm away from the irradiated cell plane) as 
a function of post-exposure time (0 hours - 7 days). In bystander cells, they detected a 
significant increase in the levels of phosphorylated H2AX; apoptosis (persistent); 
micronuclei formation; loss of nuclear DNA methylation; growth arrest (persistent) and 
an increasing number of senescent cells. Of a special interest is the observed loss of 
DNA methylation in bystander cells as it may be indicative of an epigenetic nature of 
bystander effect in 3D human tissue models (Sedelnikova, Nakamura et al. 2007). 

Further insight into the role of epigenetic changes in the bystander effect comes 
from animal-based studies, where irradiation was shown to induce DNA damage and 
modulate the epigenetic effectors in distant bystander tissues. The Kovalchuk and 
Engelward laboratories pioneered in vivo studies on the role of epigenetic changes in 
radiation-induced bystander effects. To analyze in vivo bystander effects, they 
developed a mouse model whereby half of an animal body was exposed to radiation, 
while the other half was protected by a medical grade shield (Koturbash, Rugo et al. 
2006). This model was used to monitor the induction and repair of DNA strand breaks 
in the unexposed cutaneous tissue. In addition to this well-established endpoint, the 
authors also explored the possibility of epigenetic mechanisms (i.e. DNA methylation 
and alterations in DNA methyltransferases and methyl-binding proteins) in the 
generation and/or maintenance of a radiation-induced bystander effect in the unexposed 
cutaneous tissue. They have shown that radiation exposure to one half of the body leads 
to elevated levels of DNA strand breaks, and altered levels of key proteins that 
modulate methylation patterns and silencing in the bystander half of the body at least 
0. 7 cm from the irradiated tissue. These are some of the first data to clearly demonstrate 
that the epigenetically regulated bystander effects occur in vivo in distant tissues. 
Importantly, these epigenetic changes in bystander tissues are not due to the insufficient 
shielding or radiation scattering (Koturbash, Rugo et al. 2006). 

To be relevant for carcinogenesis, the epigenetic manifestations of bystander effects 
should accumulate and/or persist over a long period of time. To investigate the 
possibility that the localized X-ray irradiation induces persistent epigenetically 
modulated bystander effects in distant tissues, Koturbash and colleagues monitored the 
occurrence of epigenetic changes (i.e. DNA methylation, histone methylation and 
miRNA expression) in spleen tissue 7 months after the localized cranial irradiation. 
This analysis has revealed that the localized cranial radiation exposure leads to the 
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decreased levels of global DNA methy lation. It also alters the levels of key proteins that 
modulate methylation patterns and silencing (i.e. de nova methyltransferase DNMT3a 
and methyl-binding protein MeCP2) and contributes to the reactivation of the LINEl 
retrotransposon in the bystander spleen, located at least 16 cm from the irradiation site. 
Importantly, it is the first evidence that down regulation of DNMT3a and MeCP2 is 
probably triggered and maintained by higher activity of a small regulatory RNA, 
microRNA miR-194. These experiments have demonstrated that miR-194 is up
regulated in the bystander rat spleen. These data have also clearly demonstrated that the 
bystander effect occurs in viva in distant tissue, persists over a long period of time, and 
are epigenetically regulated (Koturbash, Boyko et al. 2007). 

The observed altered expression of miR-194 in the bystander rat spleen was quite 
intriguing and promoted further studies of microRNAome changes in bystander tissues. 
Using the microRNA microarray platform, microRNAome patterns have been profiled 
in skin and spleen tissues of mice subjected to sham treatment, whole-body or head 
exposure. The radiation exposure led to significant alterations in the microRNA 
expression profiles in bystander skin and spleen(Koturbash, Zemp et al. 2008) The 
pronounced microRNAome alterations can also be seen in the bystander tissues using 
the 3D model (Kovalchuk, Zemp et al. 2010). These data suggest that the microRNA 
expression changes really occur in bystander tissues. Their exact function in the 
bystander effect still has to be delineated. Furthermore, due to their small size and high 
stability, microRNAs may be plausible candidates for the bystander signal. 

6. Transgenerational Effects 

Targeted effects of radiation are caused by direct interaction of ionizing particles 
with genetic material. Direct germline mutations are transmitted to subsequent 
generations in according to the laws of classical genetics and may lead to a whole 
spectrum of deleterious effects including, but not limited to, dominant lethality and 
congenital malformations (Mole 1979; Goldman 1982). 

A growing body of data shows that heritable effects of radiation exposure are not 
limited to those caused by targeted mutations. A number of studies have shown de nova 
mutations in the non-exposed progeny of an irradiated parent that resemble radiation 
induced genomic instability (Luning, Frolen et al. 1976; Luke, Riches et al. 1997; Carls 
and Schiestl 1999; Shiraishi, Shimura et al. 2002; Slovinska, Elbertova et al. 2004; 
Streffer 2006). Early work that focused on the study of radiation-induced, dominant, 
lethal mutations in mice, unexpectedly, showed an excess of intrauterine deaths of 
fetuses fathered by pre-conceptually irradiated (at spermatogonial stage) mice. This 
effect continued to the F2 generation (Luning, Frolen et al. 1976). Later, the discovery 
of hypermutable mini satellite loci (short tandem repeats in human and mouse genome) 
provided an invaluable biomarker for the study of radiation-induced germ line 
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mutations (Dubrova, Jeffreys et al. 1993). Pioneering works by Dubrova et al showed 
increase of germ line mutation rates in the progeny of fathers exposed to radiation as a 
result of the Chernobyl accident (Dubrova, Nesterov et al. 1996; Dubrova, Nesterov et 
al. 1997). The same methods were used to detect the increased frequency of germ line 
mutations in multi-generation families living close to the Semipalatinsk nuclear test site 
and among the Techa River population (Dubrova, Bersimbaev et al. 2002; Dubrova, 
Ploshchanskaya et al. 2006; Akleev, Dubrova Iu et al. 2007). 

Animal studies conducted by the same group showed that germ line mutations at 
mini satellite loci were induced at a frequency that was an order of magnitude higher 
than is expected in the case of direct mutations (Dubrova, Plumb et al. 1998; Dubrova, 
Plumb et al. 2000). Importantly, the increased rate of mini satellite mutations was still 
observed in F2 progeny of irradiated male mice and this trait was exhibited by most of 
the offspring in violation of Mendelian Jaws (Barber, Plumb et al. 2002). Induction of 
transgenerational genomic instability was influenced by the dose, type of irradiation and 
stage of germ cell development (Fan, Wang et al. 1995; Niwa, Fan et al. 1996; Dubrova, 
Plumb et al. 1998). 

Transgenerational genomic instability may be linked to transgenerational radiation 
induced carcinogenesis that manifests itself as an increase of cancer risk in the 
unexposed progeny of irradiated parents. Increased predisposition to tumour formation 
in the progeny of irradiated mice was first demonstrated by Nomura (1982; 1983; 1989; 
2004). This effect, although slightly carcinogenic, was transmitted to subsequent 
generations in a non-mendelian manner and was greatly enhanced upon application of 
secondary carcinogens (Vorobtsova and Kitaev 1988; Vorobtsova, Aliyakparova et al. 
1993). A number of experiments were designed to confirm and expand initial findings 
by Nomura. Daher et al (1998) reported marginally significant increase of leukemia 
incidence in the progeny of X-ray irradiated NS mice, as well as earlier onset in 
Jeukemia development in the progeny of mice injected with tritium. Similarly, 
modulation in leukemia/lymphoma development was observed after in BDFl and CBA 
mice after pre-conceptual treatment with plutonium 239, followed by secondary 
exposure to methylnitrosourea (Lord, Woolford et al. 1998). A lifetime study that 
included 4279 mice showed that pre-conceptual treatment to a high, acute dose of X
Rays leads to increased hematopoietic malignancy in the female and bronchioloalveolar 
adenocarcinomas in male progeny. On the other hand the same study failed to show 
increased tumour induction by secondary exposure to urethane (Mohr, Dasenbrock et al. 
1999). The exact manifestations of radiation induced transgenerational carcinogenesis 
were shown to depend on the dose, type of irradiation, stage of germ cell development 
and genetic background of the model organism (Draper 1989; Lord 1999; Nomura 
2006). 

To date, the exact molecular mechanism of radiation induced transgenerational 
effects remains unclear: the high frequency of induction and the fact that these effects 
are present in most, if not all, of the offspring are incompatible with the involvement of 
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genetic mutations. Radiation induced free radicals could be considered, however, their 
short lived nature and negligible cytoplasmic component in sperm make them an 
unlikely candidate. Manifestations and the mode of transmission of this effect suggests 
that it has to be fixed across multiple loci in most if not all of the germ cells produced 
by affected gonad. It is tempting to hypothesize that these changes are memorialized in 
the germ cell through epigenetic mechanism. DNA methylation marks at imprinted loci 
and certain repeat elements were shown to be resistant to epigenetic reprogramming 
events in developing embryos (Hajkova, Erhardt et al. 2002; Lane, Dean et al. 2003). A 
series of recent studies described the ability of sperm-bound small RNA to trigger 
developmental changes in the embryo that could be transmitted to subsequent 
generations in non-mendelian manner (Rassoulzadegan, Grandjean et al. 2006; 
Rassoulzadegan, Grandjean et al. 2007; Grandjean, Gounon et al. 2009). No data is 
available on the ability of histone marks to trigger similar responses, however, histones 
were shown to be present in sperm covering genomic areas responsible for embryonic 
development (Brykczynska, Hisano et al. 2010). 

A preliminary study conducted by Kovalchuk's group found significant loss of 
cytosine DNA methylation in the thymus of the progeny after paternal exposure to X
rays. The loss of DNA methy lation was paralleled by a significant decrease in the levels 
of maintenance (DNMTl) and de nova methyltransferases DNMT3a, DNMT3b and 
methyl-CpG-binding protein (MECP2). They also noted significant accumulation of 
DNA strand breaks in the thymus (Koturbash et al, IJROPBP, 2006). Localized cranial 
irradiation of male rats leads to accumulation of DNA lesions and loss of global DNA 
methylation in mature sperm (Tamminga, Koturbash et al. 2008). Loss of DNA 
methylation along with dysregulation of DNA methylation enzymes was also found in 
the progeny of cranially exposed male rats (Tamminga, Koturbash et al. 2008). A 
microarray expression profiling revealed altered miRNA levels in the thymus of adult 
male mice pre-conceptually exposed to 2.5 Gy of X-Ray (Filkowski, llnytskyy et al. 
2010). Changes in miRNAome were paralleled by dysregulation in miRNA processing 
machinery and decreased expression of LSH (Filkowski, llnytskyy et al. 2010)-a 
chromatin remodelling factor implicated in the regulation of DNA methylation at 
repeatable elements (Muegge 2005). DNA methylation profiling of repeats in the same 
samples revealed loss of CpG methylation at LINEl and SINEB2 retrotransposable 
elements (Filkowski, llnytskyy et al. 2010). 

Cumulative evidence points to the epigenetic origins of radiation-induced 
transgenerational genomic instability and cancer predisposition, however, their exact 
mechanism remains unclear. Future research in this area has to rely on the use of 
microarray technology, next generation sequencing and bioinformatic approaches in 
order to extract functionally relevant, causal changes influencing epigenetic 
reprogramming and genomic stability across generations. Such research has both 
practical and fundamental value, as it may offer an understating of how genotoxic 
factors contribute to complex disease by altering our epigenome across generations. 
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Abstract- Our investigations were performed to study the general regularities of the 
adaptation and instability processes induced by low-dose-rate radiation by means of the 
statistical modeling. The modeling is based on investigations in lab and of 
consequences of nuclear station and nuclear tests fallouts for natural populations and 
inhabitants, and shows the adaptation processes which are accompanied by instabilities 
coupled with selection. We consider the connections between the intercellular and 
intracellular instability processes. Synergism of radiation, high temperatures, and aging 
is discussed. Approaches to risk assessment of chromosomal instability are presented in 
plant cells and human blood lymphocytes. Risks have been analyzed as functions of 
radiation intensity in ecology and in descendents of persons exposed to radioactive 
fallout from nuclear tests. These ideas can be used in fields as diverse as radiotherapy 
and social sciences. 

Keywords: adaptation, chromosomal instability, statistical modeling, seeds of plant, blood 
lymphocyte 

1. Introduction 

Chromosomal instability was observed long years ago [I, 2]. In 1970 V.I. 
Korogodin and his colleagues showed that yeast cells instability is coupled together 
with accumulation of chromosomal abnormalities [3] induced by low radiation effects 
or non-optimal environment conditions [4]. They noted a connection of the 
phenomenon of instability with evolution [3], which was mentioned earlier by R.K. 
Herman and N.B. Dworkin [5]. 
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In mathematical biology, R.A. Fisher [6], J.H. Gillespie [7], and H.A. Orr [8] 
investigated fitness to the environment conditions by modeling. Orr showed a universal 
character of distributions with tails and connection of this phenomenon with selection in 
evolution models [8]. Statistical modeling was used to analyze the appearance of 
multiple mutations in blood lymphocytes of persons who worked in a radiochemical 
enterprise [9] and patients with chromosome instability syndrome [ 1 O]. These authors 
suggested a hypothesis based on queues theory that distributions' tails were related with 
DNA repair [I I]. 

Our statistical model of adaptation is based on time-dependent accumulation of 
abnormalities and selection [ 12, 13]. To investigate features of adaptation processes, we 
used the following data: own studies of lab-irradiated selected pea seeds, pure line [14] 
and plantain seeds collected in natural populations growing near the radiation sources 
[ 15, 16]; investigations on blood lymphocytes of persons living in the Tyumen and 
Irkutsk regions [ 17, 18]; data published by N.P. Bochkov et al. on blood lymphocytes of 
radiochemical enterprise' workers [9]. The statistical modeling of the appearance of 
abnormal cells, abnormal chromosomes in cells and proliferation activity of cells, were 
performed for these objects [19-24]. Our adaptation hypothesis was formulated on the 
basis of the statistical modeling. 

Our aims were to analyze regularities of adaptation, its processing across the 
generation and to approach the risk assessments of chromosomal instability. To 
demonstrate these regularities, we used data on the pea seeds (pure line) irradiated in 
lab; on plantain seeds collected near the Balakovo (middle Volga) Nuclear Power Plant 
(NPP) and on blood lymphocytes of samples of persons living in the Tyumen (Far 
North) and Irkutsk (Siberia) regions. 

2. STATISTICAL MODELING 

We have used the maximum-likelihood method for approximations. The following 
statistical criteria were chosen to estimate the regression: (i) Radi is the determination 
coefficient corrected for degrees of freedom [25] (equivalent to the T-criterion known in 
radiobiology [26]); (ii) the AIC criterion (the Akaike criterion imposes limitation on the 
minimal information distance between the model and experimental distributions) [27]; 
(iii) the BIC criterion (selection of the most probable models from the ensemble under 
the condition of a priori equal probability of any of them) [28]. The most sensitive test 
for our tasks is T-criterion [26], which encourages good efficiency of approximation 
and fines for using large numbers of parameters. 

The best hypothesis with respect to the majority of criteria was preferred. For close 
values of criteria, the simpler hypothesis was chosen. For a given number of 
experimental points, the number of model parameters is, as a rule, larger than the 
optimal one [29]; therefore, the stability of distributions was verified. The verification 
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consisted in variation of the length of the partitioning interval upon construction of 
histograms. The interval length (Dmax - Dmin)IM was taken as the basis. Here, (Dmin, 
Dmax) is the interval of data variation, M = [log2(N)] + I is the number of partition 
intervals, and N is the number of data points. The verification showed the stability of 
the distributions. 

The program FUMILI [30] was used. The search for optimal values of the model 
parameters was carried out in two stages. First, the initial approximation for the model 
parameters was found by the random search method [31] or the simulated annealing 
method [32]. Then the parameter values were refined using regular procedures BFGS 
[33] or Newton [31]. Three parameters were optimized. 

We have examined the hypotheses of single-component normal, binomial, 
lognormal, Poisson, and geometric distributions and their composition [12, 13, 
21]. 

3. NON-LINEARITY INDUCED BY LOW-DOSE RATE IRRADIATION. LAB 
EXPERIMENTS ON PEA SEEDS 

3.1. MATERIALS AND METHODS 

Seeds: Pea seeds (Pisum arvense), selected line Nemchinovsky-817 (received from 
Moscow, Nemchinovka, Agriculture Institute) were used in the laboratory experiment. 
For this kind of seeds, the reported quasi-threshold radiation dose, which corresponds to 
the inflection of the survival curve from a shoulder to mid-lethal doses, is 10-20 Gy 
[34]. The pea seeds were collected at the end of July of 1996 and 1997 in the field of the 
Agriculture Institute (Moscow region). The seeds collected in 1996 were stored in the 
refrigerator until April of 1997 (T = 3-4°C and relative humidity= 13-14%). Then the 
first fraction of seeds was tested (stored in the refrigerator ~8 months, "young"); the 
second was kept in the refrigerator until April of 1998 (~20 months, "old"); and the 
third was stored in the refrigerator for 8 months and then held outdoors until June. 
These seeds were stored without sunlight and precipitation, but the temperature ranges 
during the day and the night reached 30-32°C and 16-18°C, respectively (these are 
higher for the Moscow region); the relative humidity of ~ 80% was usual for this 
region. The duration of heat stress was 2 months ("young seeds with heat stress"). The 
effects of humidity, and temperature profiles and extremes on the seeds were not 
considered in this study. In 1997, seeds were collected again. They were stored in the 
refrigerator (T = 3-4°C and relative humidity= 13-14%) until April of 1998 and then 
all seeds were tested ("young"). Before the tests, the water content of the seeds was 
stabilized at 16% humidity in a dessicator with 18% sulfuric acid, as described in [ 14]. 

Seed sprouting and fixing: Seeds of all groups were germinated on wet filter paper 
in petri dishes at 25°C until seedling roots reached 30 ± 4 mm, the length which 
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corresponds to the first mitoses. Before it seedling growth is due only to swelling 
without cell division. Seedlings were fixed in ethyl alcohol and acetic acid (3: 1) and 
stained with acetoorcein. Seedlings less than 26 mm after 13 days were scored as non
surviving because too few cells reached the first mitosis (the mitotic index in the shoot 
zone is already known to increase in parallel with the size of the seedling [14]). The first 
fixation was started when approximately 1 /3 of the population had germinated. After I 3 
days we ended the fixation. Prolonging the germination period (up to 6 weeks) 
increased the survival (S) by only 2-3% and these rootlets were small and brown. The 
methods of seed sprouting and fixing have been described in [I 4]. 

Determination of cells with chromosomal abnormalities: Ana-telophases were 
scored for chromosomal abnormalities CAs containing chromosome bridges and 
acentric fragments. 

Determination of mitotic index: The mitotic index MI of seedling meristem cells 
was scored as the percent of cells in mitosis. 

Irradiation of seeds: Pea seeds were gamma-irradiated at room temperature with 
7 cGy 6°Co at 0.3, 1.2, or I 9. I cGy/h. A set of three thermoluminescence detectors 
TLD-700 was used to examine each dose. TLD were randomly placed with seeds into 
glasses, which were located at 14, 56, and I l lcm from the source. The overall 
uncertainty of dose rates and doses was 10-13% and -3-5% at 14 cm (dose rate of 
19.1 cGy/h) and 56-111 cm (dose rates of 0.3-1.2 cGy/h) from the source, respectively. 
The elapsed time of irradiation was 24 h (0.3 cGy/h), 6 h (1.2 cGy/h), and 23 min 
( 19.1 cGy/h). The calibrated dose rate from the source was 0.362 cGy/h at 1 m and the 
ambient levels were 0.12-0.15 µSv/h. The beta-irradiation shielding of seeds was glass 
beakers (wall thickness - I .2 mm). 

Annual radiation exposure is -0.10-0.12 µSv/h and 137Cs soil concentrations are -5-
10 Bq/kg in the fields of the Agriculture Institute. The applied analytical methods were 
standard and are described elsewhere [35, 36]. These values do not exceed the average 
radiation values over the Moscow region [36]. The accumulated external and internal 
doses were calculated and summed using the Brian-Amiro model [37] and estimated at 
the level of ;::::0.3 cGy for pea seeds by using the published transfer factors [36]. 

Statistics: In various components of the experiment with young and old peas, we 
took I 25-174 seeds to determine S and usually analyzed ;::::2QOO ana-telophases for each 
component. In the tests with "young+heat" peas we took 40 seeds and analyzed ;::::I 500 
ana-telophases for each component. More than 1 OOO cells in each seedling were studied 
to determine the MI value. The data were processed with standard statistical methods 
[38, 39] and statistical criteria [25-28]. 

3.2. DOSE RATE NON-LINEARITY OF AVERAGED BIOLOGICAL VALUES 

Tabl. I presents survival of seeds, and the numbers of proliferated and abnormal 
cells. The current observations over all seeds groups have shown that dose rates of 0.3, 
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1.2, and 19.1 cGy/h induced both cell elimination and cells with CAs (CCAs), which 
can be modified by aging and additional heat stress. As a rule, cell elimination 
dominates at the dose rate of0.3 cGy/h, and CCAs - at 19.l cGy/h. Dynamics of the MI 
as well as frequency of cells with CAs at the first mitoses were considered in [19]. This 
analysis has revealed that irradiation with a dose rate of 0.3 cGy/h stimulates the MI 
increasing and earlier seed germination; its period can be shorter (young and heat
stressed seeds) than in the control while seed survival decreases; irradiation with 
19.1 cGy/h delays seed germination and does not decrease the CCA frequency. The 
seed survival diminishes significantly in aging and heat-stressed seeds. 

Cell cycles can be perturbed by irradiation [40 - 42] that includes the cell cycle 
delay [ 41, 42] as well as stimulation to proliferation [ 42, 43]. The cell cycle delay was 
shown at the dose rate of 19. l cGy/h in all groups of seeds, and the stimulation to 
divide in resting cells was found at 0.3 - 1.2 cGy/h in the groups of young and old 
seeds. This effect of mitotic stimulation was virtually eliminated by the addition of heat 
stress [ 19]. Perhaps stimulation compensates for cell elimination in the seed groups 
exposed only to radiation at these dose rates, while aging and exposure to heat appear to 
be more significant forces for decreasing viability. 

Table I. Effects of ionizing irradiation on pea seeds 
populations at different dose rates and storage conditions 

Dose rate, cG~/h N 1-S, % CA% MI 

Young seeds 

0 149 8.0 10.7±1.l 5.8 ± 0.4 

0.3 150 16.o· 7.8±1.0· 7.6±0.5* 

1.2 150 7.3 11.4±1.4 6.5±0.6 

19.1 146 5.5 9.1±1.2 6.0±0.5 

Old seeds 

0 125 21.6 13.1±1.0 5.1±0.5 

0.3 128 28.1 • 12.5±0.9 8.6±0.6* 

1.2 174 20.7 15.8±1.4* 5.4±0.4 

19.1 149 28.2· 13.1±1.7 4.6±0.5 

Young seeds with heat stress 

0 40 7.5 11.2±1.1 5.9±0.3 

0.3 40 32_5•• 8.2±0.7* 5.5±0.5••• 

1.2 42 62.5 .. 6.1±1.o· 6.0±1.2 ... 

19.1 40 50.0 .. 15.4±2.2· 4.5±0.3. 

The standard error is shown. The difference with non 
irradiated control: • - p < 0.05; •• - p < 0.001; ••• -p>0.05. 
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Fig. 1 presents some of the experimental data as a function of dose rates. The (1 -

S) value is connected with the number of proliferated meristem cells, which depends on 

the stimulated and eliminated cells. The CCA frequencies and MI values depend on the 

dose rate non-linearly (x2-criterion, p < 0.05) (Tabl. 1, Fig. I A, B). It is the reason that 

(1 - S) depends on the dose rate in a non-linear manner (x2-criterion, p < 0.05) (Fig. 1 

C). 
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Figure 1. Frequency of 

cells with chromosomal 

abnormalities (CCAs) 

(A, D, G), mitotic index 

(Ml) (B, E, H), and non

survival (1-S) (C, F, I) 

versus dose rate 

irradiation. A-C, young 

seeds (black circles); O

F, old seeds (grey 

squares); G-1, young 

seeds with heat stress 

(heat stress duration 2 

months) (open circles). 

Values of the intact 

control seeds are 

separated from the 

irradiated ones by 

breaks. 

Some authors interpret the non-linearity of the CCA frequency at low doses by 
different repair systems acting at different dose rates [44, 45). It has been shown that 
stress leads to accumulation of mutations [46) as well as chromosome aberrations [J.]. 
On the other hand, the bystander effect is documented at low doses in various 
investigations [47]. We have examined the hypothesis of bystander effect by statistical 
mode ling. 

The statistical analysis has revealed that frequency of seeds on the number of cells 
with CAs does not distribute normally, but displays tails. It assumes a model of 
abnormal cell appearance, which postulates a division of the seeds into two 
subpopulations. In the first subpopulation, cells with abnormalities appear 
independently and are Poisson-distributed among seeds [.Ll_]. In the second 
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subpopulation there is an enhancing factor that describes the distributions' tails. This 
enhancement might be due to bystander effect under the influence of oxidizing stress 
[_Ll_]. 

3.3. MODELING OF APPEARANCE OF CELLS WITH CAS IN SEEDLINGS' MERISTEM 

The enhancing factor can be described by either geometric [ 11, 48] or lognormal 
[49] distributions. The fitting analysis of the observed data verified that the seed 
populations consisted of two Poisson (5P) and geometric (5G) subpopulations (x2 

criteria, AIC [27], BIC [28], and T [26]) [12]. The geometric distributions are 
characterized by correlations between the events [50]. The modeling parameters 5mP 
and 5mG (the sample means) as well as 5Np and 5N0 (the relative values) are shown in 
Tabl. 2. The values of the Poisson (5Np) and geometric (5N0 ) distributions were 
calculated as the ratios of a Poisson or geometric component to the entire tested seed 
population. In the dose-rate interval 0.3-1.2 cGy/h the 5mG values tended to increase 
(p < 0.05), whereas the 5mP ones did not change significantly (p > 0.05) in comparison 
with the control. In the groups of young and heat-stressed seeds, the 5N0 values 
decreased in the dose-rate interval 0.3-1.2 cGy/h (in old seeds group, aging decreased 
5Na too strongly and the statistical analysis is invalid). The 5N0 quota decreased more 
than the 5Np quota (p < 0.05). As a rule, the parameters of the 5p and 5G subpopulations 
showed different behavior in the interval of 0.3 - 19.1 cGy/h for all groups of seeds 
(heterogeneity criterion [39], p < 0.05). 

In young seeds, the value of ( 1 - S) correlated strongly with the MI (IRI 1 _ s.M1b = 
0.83), and not with CCA frequency (Tabl. 3). This indicates that in young seed 
populations, the stimulation of proliferation is the general mechanism to regulate the 
survival of the seeds irradiated with 0.3 - I 9.1 cGy/h. 

In old seeds, there is a correlation between (1 - S) and CCA frequency (\R\ = 0.66), 
which is due to the connection of seeds survival with the Na subpopulation (IRl1 _ s. PIG 

= 0.03 and IRli -s GIP= 0.65). The CCA frequency also correlates significantly with 5Na 
(p < 0.05) (IRlccA PIMI = 0.69; IRlccA GIMI = 0.99). In addition, these values do not 
correlate with the radiation dose rate (Tabl. 3). The 5G subpopulation is considered to 
play an important role in aging seeds, because the non-surviving fraction increases 
primarily as a result of diminution of 5G seeds, and the CCA frequency also increases 
with the sample mean of the geometric distribution. 
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Table 2. Results of mathematical modeling of appearance of cells with abnormalities 

Dose rate Number Number of Sample means A value of a subpopulation 

cGy/h of seeds ana-

telofases 'mP 'mG 'Np 'Na 
Young seeds 

0 60 2202 1.6±0.3 2.8±0.4 0.34±0.07 0.33±0.07 

0.3 60 2294 1.1±0.2 11.5±4.3 0.60±0.01 0.01±0.10 

1.2 60 2774 1.5±0.2 2.6±0.6 0.50±0.04 0.09±0.09 

19.1 60 2144 0.8±0.2 6.7±1.2 0.58±0.04 0.08±0.09 

Old seeds 

0 60 918 1.9±0.3 0.0±1.0 0.45±0.00 0.00±0.08 

0.3 60 2419 1.7±0.2 0.0±1.0 0.64±0.00 0.00±0.10 

1.2 60 2021 2.5±0.3 10.1±1.6 0.55±0.03 0.06±0.09 

19.1 60 593 1.9±0.3 0.6±2.4 0.40±0.00 0.00±0.08 

Young seeds with heat stress 

0 40 3367 1.1±0.2 13.3±1.0 0.59±0.08 0.31±0.12 

0.3 40 2560 1.1±0.2 oc 0.53±0.05 0.11±0.11 

1.2 40 1235 1.1±0.3 0.0±0.2 0.31±0.03 0.05±0.08 

19.1 40 1088 1.1±0.3 7.3±0.8 0.22±0.08 0.28±0.07 

The combined effect of irradiation and heat stresses disturbed the correlations of 
(I - S) with both CA frequency (IRI = 0.001) and MI value (IRI = 0.13). A strong 
correlation is observed between (1 - S) and 5Np (IR!J_ s. PIG= 0.98) as well as sNG 
(IRli _ s. GIP= 0.99). Irradiation plays an important part in the case of heat-stressed seeds, 
because CCA frequency is related with dose rate (IRI ccADIMI = 0.81 ). 

Table 3. Partial correlations between the biological 

parameters, values P (Np is designated by P) and G (Na is 

designated by G) distributions, and dose rate irradiation 

IRl1.s. CCAIMI 

IRli.s. MUCCA 

IRla.PIMI 

IRl1.s.P1a 

IRl1.s.a1P 

IRI CCA. PIM! 

IRI CCA,aJMI 

IRI CCA,DIMI 

IRI Ml,DICCA 

IRI 1-S.DIMI 

IRI 1-S DICCA 

Young 

0.28 

0.83 

0.95 

0.21 

0.31 

0.37 

0.19 

0.06 

0.34 

0.49 

0.53 

Old 

0.66 

0.21 

0.18 

0.03 

0.65 

0.69 

0.99 

0.01 

0.46 

0.45 

0.61 

Heat stress 

0.001 

0.13 

0. 16 

0.99 

0.98 

0.42 

0.11 

0.81 

0.26 

0.47 

0.39 

Irradiation with 0.3 
19.1 cGy/h induces two regulatory 
mechanisms aimed at seed survival, 
stimulation of proliferation and the 
bystander effect. Stimulation of 
proliferation is sufficient to regulate 
viability in young seeds. In aging 
seeds, high CCA frequency is 
independent of the dose rate and is 
caused by sensitivity of cells in the 
sG subpopulation. Combination of 
irradiation and heat stresses induces 
another response of seeds. CCA 
frequency depends on dose rate, 
and seed survival correlates with 
both P- and G- mechanisms of CCA 
appearance. It should be noted that 

bystander effects lead to both enhanced CCA frequencies and cell elimination. In the 
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bystander effects lead to both enhanced CCA frequencies and cell elimination. In the 
current studies the cell elimination was observed mainly at 0.3 cGy/h and enhanced 
CCA frequencies mainly occurred at 19.1 cGy/h. This summary agrees with the 
conclusion of C. Mothersill et al. [51] that the phenomenon of instability consists of the 
complete processes of mutation and lethal events, which do not correlate. 

The effect of low dose rates was apparent not only as CCAs but also as increased 
values of (I - S) and MI, which require additional regulatory mechanisms. These are 
bystander effect and stimulation of proliferation (Tab!. 3). We conclude that the CCA 
frequency on the average can't be a sufficient criterion to define stress conditions 
because other mechanisms regulate the seed viability and variability. 

3.4. MECHANISMS THAT REGULATE THE SEEDS' VIABILITY AND VARIABILITY 

The non-surviving fraction of seeds (I - S) was increased by even a single oxidizing 
factor but especially (up to 62%) under the combined effect of multiple oxidizing 
factors. In all groups of seeds, (I - S) was non-linear at the interval of 0-19.1 cGy/h 
irradiation and increased significantly at a dose rate of 0.3 cGy/h (Tabl. 1 ). For young 
seeds, the values of (I - S) correlated strongly with MI (IRl1 _ s. MIICCA = 0.83), while the 
CCA frequency did not (IRl1 _ s. CCAIMI = 0.28) (Tabl. 3). These results suggest that in 
young seed populations, stimulation of proliferation is the general mechanism to 
regulate the survival of the seeds irradiated with 0.3 - 19.1 cGy/h. 

For old seeds, the effects of irradiation were less pronounced on cell survival (30% 
increase at 0.3 cGy/h compared with 100% at the same dose rate for young seeds), but 
the impact of aging was dramatic, with 2.5-5-fold increases in (I - S) (Fig. 1 ). In aging 
seeds, CCA frequency and non-survival were correlated (IRl1 _ s. cCAIMI = 0.66), both 
values were independent of dose rate (Tabl. 3). In this case, high CCA frequency was 
specified by sensitivity of G- cells, and the correlation between MI and (1- S) was low 
(JRl1-s MllCCA = 0.21) (Tabl. 3). 

The greatest mortality was observed in young+heat stressed seeds. When compared 
with the young seed group, the significantly increased (I - S) values indicate that heat 
stress produces a more significant impact of seeds than aging does (Tabl. 1 ). The 
combined effect of irradiation and heat stresses disturbed the correlations of (I - S) with 
both CCA frequency (IRI = 0.001) and MI value (IRI = 0.13). In the heat-stressed group, 
the CCA frequency depended on dose rate (JRI - 0.98+0.99) and seed survival was 
correlated with both P- and G- mechanisms of CCA appearance (Tabl. 3). 

MI increased significantly at 0.3 cGy/h for young and old seeds but not for 
young+heat stressed seeds. One can view the combined CCA and MI data in Tabl. 1 as 
indicating that young and old seeds exposed to the lowest dose experienced a mitotic 
stimulus. Perhaps stimulation compensates for cell elimination in the groups exposed 
only to irradiation with tested dose rates (non-surviving fraction of young seeds 
increased up to 16% only), while aging and exposure to heat appear to be more 
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significant forces for decreasing viability (non-surviving fractions of old and heat
stressed seeds increased up to 28-62% ). 

In all groups, the CCA frequency decreased significantly at the lowest dose rate 
(0.3 cGy/h) (p < 0.05) that showed cell elimination. The CCA numbers were not 
normally distributed, but displayed tails. This result suggests that some CCAs were 
enhanced and correlated. The CCA frequency correlated with (I - S) in old seeds 
(IRli _ s. CCAIMI = 0.66) (Tabl. 3), but not in both young and heat-stressed seeds. 
Therefore, the CCA frequency cannot be a sufficient criterion for the viability of plant 
population under radiation stress. 

The simulation of CAs justifies the hypothesis that there are two subpopulations of 
seeds. In the first subpopulation, the CAs appear independently and are Poisson
distributed. In the second, the appearances of CAs are correlated. The simulation 
supported both Poisson and geometric mechanisms in meristems, which contribute to 
seed survival (Tabl. 3). In the dose-rate interval of 0.3-1.2 cGy/h, the mG values tended 
to increase (p < 0.05), whereas mP ones did not change significantly (p > 0.05) in 
comparison with the control. The (I - S) value increased due to the elimination of cells 
and the failure of seeds to germinate in the geometric (particularly the Poisson) 
subpopulation (Tabl. 2). We can conclude that two mechanisms induced by stress 
conditions regulate the number of proliferating and abnormal cells. These are the 
bystander effect accompanied by selection, and stimulation of resting cells to divide. 
We would like to speculate that stress is an instrument to adapt populations in their 
ecological niches. Adaptation includes increasing variability (quickly elevating the 
sample mean mG) and dramatic decreasing the number of germinated seeds; a new 
genotype of the surviving seeds is supported by repair mechanisms and stimulation to 
division of resting cells. 

3.5. ADAPTATION PROCESSES IN MERISTEM AND CELLS. CHROMOSOMAL 
INST ABILITY 

Distribution of cells in root meristem of unirradiated seeds on the number of 
chromosomal abnormalities: The geometric distribution of cells (cG) on the number of 
CAs in the control group is shown in Tabl. 4. It appears that correlations between the 
appearance of CAs originated up to "success" [ 48], which could be considered in this 
case as adapting of the genome to conditions. This suggests an adaptive process in 
intact cells: a DNA-damaging process coupled with selection, which checks fitness of 
cells. We can imagine that an additional factor influences a sensitive subpopulation of 
cells in the first place, and its distribution on the number of CAs could be geometric 
(cG) or Poisson (cP). Thus, experimental data could be compounded of cG and cG (or 
cP) that corresponds to distributions of resistant (cG 1) and sensitive (cG2 or cP) fractions 
of cells. In the cases of aging and heat-stressed seeds, a sum of cG 1 and cp distributions 
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is observed (Tabl. 4). This is expected because high temperature and aging are strong 
mutagenic factors [52, 53]. 

Table 4. Statistical modeling of the CAs in root meristem cells ofunirradiated pea seeds 

Year CA Number Number of cells with CA number T criterion tx2 criterion (p < O.OS) 

frequency of ana

telophases 

Young 

1997 0.17 

1997 0.12 

1996 0.08 

3443 

2199 

1097 

Young seeds with heat stress 

1996 0.11 4020 

Old 

1996 0.10 906 

0 2 3 ~4 

2948 426 SS 11 2 

1931 238 2S s 
1022 67 s 2 

3663 274 68 11 4 

823 77 4 

The standard error of CA frequency is s 0.0 I. 

co I +c02 co I +cp cp 

25/+ 269/+ 

22/+ 4S 1/-

3/+ 22/+ 

136S/- 320/+ 

181/+ 794/-

1434/- I 13/-

234S/+ 10/+ 

113/+ 1614/-

0.20/+ 0.20/+ 0.01/+ 0.09/+ 

Distribution of cells in root meristem of irradiated seeds on the number of 
chromosomal abnormalities: In young seeds irradiated at 0.3 cGy/h the modeling has 
shown two cG distributions (Tabl. 5). We can assume that the second distribution cG2 
reflects additional damaging processes in the sensitive subpopulation. At 1.2 and 
Table 5. Statistical modeling on pea seeds irradiated with 7 cOy at low-dose intensity or without 

irradiation 

Dose rate, 
cGy/h 

Young 

0 

0.3 

1.2 

19.1 

Heat 

0 

0.3 

1.2 

19.1 

Old 

0 

0.3 

1.2 

19.l 

Nana- CA Number of cells with CA T criterion /x2 criterion (p < O.OS) 
telophases frequency _nu_m_b_e_r __________________ _ 

2199 

2139 

1843 

196S 

4020 

2723 

1380 

1274 

906 

2378 

1977 

S86 

0.12 

0.08 

0.07 

0.08 

0.11 

0.09 

0.08 

0.18 

0.10 

0.13 

O.IS 

0.11 

0 2 3 ~ 4 CG cGJ+'G2 cGJ+cp cp 

1931 238 2S s 
1971 14S 19 4 

1637 191 13 2 

1788 162 10 s 

3663 274 68 11 4 

2Sl7 172 26 8 

1296 68 9 6 

1092 143 29 6 4 

823 77 4 

2109 236 27 s 
1729 207 38 3 

S27 S3 s 

22/+ 

188/+ 

249/+ 

S3/+ 

4Sl/-

21/+ 

1492/

S6S/+ 

I 36S/- 320/+ 

314/- 44/+ 

44/- 19/+ 

139/+ 10/+ 

1434/-

333/+ 

49/+ 

98/+ 

113/+ 

378/+ 

283/+ 

42/+ 

113/-

246/-

119/+ 

35/+ 

1614/-

370/-

48/-

231/-

0.20/+ 0.20/+ 0.01/+ 0.09/+ 

O.OS/+ 0.01/+ 0.01/+ O.SO/+ 

0.18/+ 0.12/+ 0.06/+ 0.901+ 

0.04/+ 0.02/+ 0.01/+ 0.30/+ 

The standard error of CA frequency is s 0.01. 

228 



19.1 cGy/h, the cP distribution gradually displaces cG2 distributions. Analyses of the 
combined effect of radiation and high temperature reveal domination of the G 
regularities of the CAs appearance (heat stress) and addition of a P component (aging) 
(Tabl. 5). 

Tabl. 6 presents general characteristics and modeling values of the appearance of 
both cells with CAs in meristem and the CAs in cells. In the young seeds, a negligible 
value of seeds' G distribution (NG) on the number of cells with abnormalities, is 
coupled with a negligible value of cells' G2 ("NG2) distribution at 0.3 cG/h that is 
accompanied by decreasing frequencies of Rl, R2, and survival (Tabl. 6). It is basic to 
think that intensive radiation-induced bystander effects in meristem lead to intensive 
DNA damage in its cells, which together decrease the survival of cells and seeds. 
Poisson distributions of seedlings and cells are observed at 1.2 and 19.1 cGy/h. At 
19.1 cGy/h, the parameters smP (0.85±0.20) and cmP (0.09±0.02) have low values 
(Tabl. 6). 

Table 6. Seed non-viabilities (I - S) of both cells with CAs (R I) in seedling meristems and CAs in 

meristem cells (R2), parameters of the distributions of seeds on the number of cells with 

abnormalities as well as distributions of cells on the number of CAs. 

Dose 1-S, Distributions of seeds on the Distributions of cells on the number of 

rate % RI number of CCAs R2''' CAs 

'Np 'mP 'No 'mG 'No1 0mGI 'Nm 0 mG2 CNp 0mP 

Young 

0 8.0 10.7 0.33 1.60 0.34 2.8 0.12 1.00 0.88 

0.3 16.0' 7.8' 0.60 1.14 0.01 11.5 0.08 0.93 0.94 0.o7 0.67 

1.2 7.3 11.4 0.50 1.52 0.09 2.6 0.07 0.26 0.87 0.74 0.06 

19.1 5.5 9.1 0.58 0.85 0.08 6.7 0.08 1.00 0.09 

Heat 

0 7.5 11.2 0.59 I. I 0.31 13.3 0.11 0.87 0.03 0.13 0.66 

0.3 32.5" 8.2' 0.53 I.I 0.11 20.0 0.09 0.70 0.02 0.30 0.25 

1.2 62.5" 6.1' 0.31 I. I 0.05 0.0 0.08 0.94 0.04 0.06 0.64 

19.1 so.a" 15.4' 0.22 I.I 0.28 7.3 0.18 0.85 0.11 0.15 0.60 

Old 

0 21.6 13.1 0.45 1.9 0.00 0.0 0.10 0.99 0.10 

0.3 28.t" 12.5 0.64 1.7 0.00 0.0 0.13 0.98 0.12 0.01 0.69 

1.2 20.7 15.8' 0.55 2.5 0.06 I 0.1 0.15 0.74 0.19 0.26 0.02 

19.1 28.2' 13.1 0.40 1.9 0.00 0.6 0.11 0.12 0.32 0.88 0.08 

The difference from the unirradiated control: 'p < 0.05; "p < O.OOI;'"standard error -8-12%; ""standard error< 
0.03. Standard errors of the parameters of distributions do not exceed 20-30% (of the sample means) and I 0-
15% (of the relative values). 
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In aged seeds, the negligible values of the ~a and '°Nai distributions are observed at 
0.3 cGy/h, which corresponds to the increased seed survival (p < 0.05). This increase 
could be due to the stimulation of cell proliferation in the old seeds irradiated at 
0.3 cGy/h (p < 0.05) [19]. The 5G component is also revealed in the seeds irradiated at 
1.2 cGy/h. The cp distribution is observed in the control and 19. lcGy/h groups, its 
sample mean being low (0.08-0.10 ± 0.03) (Tab!. 6) (12). 

In the heat-stressed seeds, the lowest values of the ~a and '°N02 distributions are 
observed at 1.2 cGy/h. The cG2 distributions are revealed at 0.3 and 19.1 cGy/h; seed 
survival is decreased at all these dose rates, and especially at 1.2 cGy/h dose rate. In the 
control group, the cp distribution of cells on the number of DNA damages is 
characterized by an increased sample mean (0.66 ± 0.12). All the mentioned above 
could mean the increased late processes in all the groups of the seeds induced by heat 
stress. The comparison of the "old" and "heat" groups has shown that heat stress 
induces late processes accompanied by selection stronger than the processes produced 
by aging. 

To analyze quantitatively the combined effects induced by irradiation and heat, we 
used a synergism coefficient (Fig. 2) offered by Petin et al. [54]. These authors 
characterize the appearance of synergic lethal damages as Ni:= N 1 +Ni+ min{p 1N1 + 
piNi}, where Ni, Ni, and Ni: are the numbers of the lethal damages induced by the first, 
second, and combined treatments; p1 and Pi are sublethal damages produced 
simultaneously. Then, the coefficient of synergism can be calculated as Ksyn = (N1 +Ni 
+ min{p1N1 + piNi})l(N1 +Ni). We calculated the synergism values using Tab!. 5, 6, 
and data on the numbers of cells with CAs reported earlier (12). In the "heat" groups, 

s both numbers of combined DNA 
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Figure 2. Synergism coefficients of the appearance of cells 
with CAs (I); CAs inside cells (2); as well as of seeds' non
survival (3) for group of irradiated heat-stressed seeds. Bottom 
of synergism is marked with a dotted line. Std. errors are 
~hown 
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damages and combined damaged 
cells decrease (Ksyn < 1) (Fig. 2, pl. 
1, 2) that can be the result of 
elimination of "cG2"- cells and 
"sG"- seeds (Tab!. 6). Synergic 
characteristic of seeds' death ( l -
S) increases strongly (Ksyn = 4) 
(Fig. 2, pl. 3). We can conclude 
that adaptation to the combined 
effect of high temperature and low
dose irradiation is based on 
instability processes which lead to 
a dramatic synergistic death of 
cells and seeds. 



3.6. SCHEME OF THE ADAPTATION MODEL 

The adaptive process has three components [11., 13]: primary radiation injury, which 
depends on the intensity of radiation Orad); late injury, which depends on the intensity of 
intercellular "bystander" (Ibys1) and intracellular regulatory Oreg) mechanisms; and 
selection, which depends on repair systems and environment conditions (Fig. 3). 

These components can be presented by different combinations of Poisson and 
lffdllap 

'rac1 ·~ 

Figure 3. Scheme of the process of seedlings' and cells' adaptation lfl]. 
Primary injury (l.,d) induces the intercellular bystander (lbyst) and intracellular regulatory (lrcg) processes. Primary 
injuries or late damages can be accumulated. As a result of selection, a stage of first mitoses is reached in 
resistant seedlings, the sensitive ones die. Intracellular processes (primary or regulatory damaging of DNA) lead 
to proliferation or death of cells. 

geometric laws where P statistics describes the statistics of independent events [ 12, 13, 
19] and G statistics characterizes statistics after selection [8, l 0 - 13, 19]. The primary 
injury and late damage follow the Poisson or binomial law [ 48]. In both cases, the 
independently occurring damages can be approximated as increasing linearly with time, 
that is, by the Poisson law with the increased sample mean [ 12]. 

In practice, the observed P distribution can be a sum of P distributions on the 
numbers of primary and late damages. The first distribution dominates if radiation 
intensity exceeds the mechanisms of the late process [13]; its sample mean is therefore 
low [ 12]. For example, a dose rate of 19.1 cGy/h (time between two hits per cell = 
5 sec) induces hits in cells in the first 2 min with the averaged number of hits per cell 
:::: 33. Tabl. 6 shows that this case corresponds to the lowest sample mean of the 5mP 
distribution of seedlings on the number of damaged cells (0.85 ± 0.20). Irradiation at 
dose rates of 0.3 and 1.2 cGy/h (time between two hits = 5 and 1.3 min, respectively) 
induces bystander effects which should prevail in these cases. The complete analysis of 
the pea data (Tabl. 6) reveals the correspondence of low 5mP values to low cmP values, 
which couple with high damage factor. The increased values of 5mP, cmP indicate late 
processes (for example, the control heat-stressed group, Tabl. 6). 

Thus, in experiments on pea seeds, the distribution of seedlings on the number of 
cells with CAs can be approximated by sp + 5G, where the 5p distribution corresponds to 
the subpopulation of seedlings in which the bystander effect is not accompanied by the 
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death of plants, and 5G describes the bystander damage accompanied by seedling 
selection in the more sensitive fraction [.11, 12] 1• A distribution of cells on the number 
of CAs can be presented as cG 1, cG2, and cp distributions and their combination (Tab I. 
5), [22]. The cp distributions mean primary DNA damage which, together with cG2 
distributions, describes the appearance of DNA damage in the sensitive fraction of cells. 
The appearance of the adaptive process in the resistant fraction of cells is described by 
the cG 1 distribution. When primary exposure intensity exceeds intracellular regulatory 
effects the Poisson law displaces the G-one [22]. 

4. ADAPTATION AND THE RISK OF GENOME INSTABILITY IN 
ECOLOGY. IVESTIGATIONS OF THE INFLUENCE OF NUCLEAR 
STATION FALLOUTS ON PLANT POPULATIONS 

4.1. OBJECTS AND METHODS 

Seeds: The plantain seeds (Plantago major) were used in the natural experiment. For 
this kind of seeds, the reported quasi-threshold radiation dose, which corresponds to the 
inflection of the survival curve from a shoulder to mid-lethal doses, is 10-20 Gy [34]. 
The plantain populations were located at sites within 80 km of the Balakovo Nuclear 
Power Plant (NPP) and in Chernobyl trace area (Saratov region), and in the Joint 
Institute for Nuclear Research (JINR) territory (Moscow region). In 1999 the 
temperatures during daylight hours reached 30-32° C in the Moscow region and 38-
400 C in the Saratov one (it is the extreme for these provinces), and the seeds 
experienced elevated temperatures during the maturation period in nature [55]. The 
plantain populations were chosen in similar biotopes, which are located along reservoir 
banks. 

Seeds were collected at the end of August in 1998 and 1999 from 20-30 plants. The 
seeds were refrigerated until the following April at T = 3-4° C and relative humidity= 
13-14%. 

Seed sprouting and fixing: Seeds of all populations were germinated on wet filter 
paper in petri dishes at 23°C until seedling roots reached 3.5 ± 2 mm, the length which 
corresponds to the first mitoses. Before it the seedling growth is due only to swelling 
without cell division. Seedlings were fixed in ethyl alcohol and acetic acid (3:1) and 
stained with acetoorcein. After 13 days the seedlings less than 1.5 mm were scored as 
non-surviving ( 1-S) because too few cells reached the first mitosis (the MI in the shoot 
zone is already known to increase in parallel with the size of the seedling [ 14, 56]). The 
first fixation was started when approximately 1/3 part of the whole seeds' population 
was germinated. After 13 days we stopped the fixation. Prolonging the germination 

The cells stimulated to proliferate are involved in the distributions. 
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period (up to 6 weeks) increases S by only 2-3%; some rootlets occurred to be too small 
and brown. The methods of seed sprouting and fixing have been described in [ 14, 15] . 

Cytogenetic analysis: Ana-telophases were scored for CAs containing chromosome 
bridges and acentric fragments. Determination of mitotic activity: The mitotic activity 
(MA) of seedling meristem cells was scored as the number of ana-telophases in apical 
meristem. It is known that this value reflects the MI in meristem [56]. 

Estimation of antioxidant status: Peeled seeds (1 g) were placed in 200 ml water 
at 60° C, allowed to cool to room temperature for 1 hour, and filtered. Antioxidant 
activities were studied with a photochemiluminescence method [57]. This method 
simulates the oxidation of tryptophan in proteins and the influence of antioxidants on 
this oxidation. The reporter compound is the dipeptide glycyltryptophan (Gly-Trp). Gly
Trp oxidation is induced using riboflavin as a photosensitizer. In the presence of 
riboflavin, oxidation occurs either via a radical (peroxide radicals R02 , or superoxide 
0 2- ) or via singlet oxygen. Riboflavin was at 2·10-6 M, Gly-Trp at 2·104 M in Na 
phosphate buffer (pH 7.4). The Gly-Trp/riboflavin solutions containing various amounts 
of seed or plant infusion were irradiated for 60 sec with a high-pressure mercury lamp 
(DRK-120). Light oO .. = 436 nm was selected with a standard set of glass filters and the 
intensity of the filtered light was 15· l 015 quanta/s. A chemiluminescence signal was 
recorded 15 sec after irradiation was stopped. It was shown that the reciprocal relative 

•l 

Figure 4. Locations of the selected plantain populations in the vicinity 
of the Balakovo NPP: 2 (P2); 3 (P3); 4 (P4); 5 (PS); 6 (P6); 7 (P7); 8 
(PS): 9 (P9); JO (PIO). Populations PI, PI I are located 80 km and 
JOO km from NPP; Pl2 one is placed in the Moscow region. 
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intensity of chemiluminescence 
10/J (where 10 is a control 
intensity and I is the intensity in 
the presence of infusion) could 
be satisfactorily described as a 
linear function of the added 
infus.ion [58]. This dependence 
allowed us to find an amount of 
infusion, which inhibited 
chemiluminescence by 50% 
(C112). The reciprocal value of 
C 112, linearly proportional to the 
inhibiting effect, was adopted as 
a measure of antioxidant status 
(AOS). 

Characteristics of sites and 
weather conditions: To 
investigate the possibility of 
radiation stress effects, the sites 
near the NPP (Fig. 4) and in 



JINR territory were selected. The suitable site in Chernobyl trace territory was studied 
to compare the effects of low-dose rate irradiation provided by the atmospheric impact 
and the chronicle soil pollutions. 

In 30-km zone of the NPP two sources of radioactivity are placed, which can 
influence the plantain populations: the atomic station (P2 - P6 sites) and the 
phosphogypsum dump (PS - PlO sites). The sites were chosen in the view of the wind 
rose. For the most part, the NPP atmospheric fallouts [59] influence on populations P2 -
P6 resulting from the direction of the winds in summer. Perhaps the populations P7 -
PlO experienced the effects of phosphogypsum dump in this area [55]. The site Pl was 
on the left bank of the Volga (-80 km from NPP). The population Pl 1 was chosen on 
the right bank of the Volga (100 km from the NPP) on a Chernobyl radioactivity
deposition track with well-characterized 137Cs soil contaminations (average 
concentration -30 Bq/k.g, [60]). The Moscow region site Pl2 was selected within the 
JINR territory to know the both radiation exposures from the Institute facilities and soil 
pollution. 

For the Saratov region, the annual rainfall near the Volga is 1.5 times higher than in 
steppe, therefore the microclimate of PI - P6 sites is damper than that of P7 - Pl 0 [55]. 
In 1999, the summertime high temperatures in the European part of Russia averaged 
3°C above the normal one [55]. 

Determination of radioactivity and accumulative doses: For sites within a 
I 00 km radius of the NPP, the annual y-radiation dose rates (DR) and mes soil 
concentrations (Cc.) varied little from the ranges -0.10-0.15 µSv/h and -5-10 Bq/kg 
reported in independent radiological surveys [55, 59]. In site Pl I DR is -0. I 0-
0.15 µSv/h [55] and Ccs is 30 Bq/k.g [60]. DR is -0.10-0.12 µSv/h and Ccs is -5-
10 Bq/kg in site P12 (Dubna) [35]. These values (excluding the concentrations in site 
PI I) do not exceed the average radiation values over the Saratov and Moscow regions 
[35, 36, 55]. 

Table 7. Soil contamination ofradionuclides me and 4°K (Bq/kg) 

Radionuclide Year PI P2 P3 P4 P5 P6 P7 PS P9 PIO PI I P12 
me 1998 9 32 - 5 10 8 8 6 39 9 

1999 5 4 3 5 5 5 5 15 10 
4oK 1998 360 330 - 550 - 470 450 460 700 450 580 

1999 440 340 400 410 230 500 - 410 - 320 600 

We examined the upper I 0-12 cm soil in the tested sites. Measurements were 
carried out using the low-background y-spectrometers with a Nal(TI) crystal as well as a 
Ge one, which were described in [35, 61]. The errors of detection efficiency ofy-quanta 
did not exceed 7%. Total errors of radioactivity determination for different isotopes 
were 20-40%. The artificial isotope mes soil contamination did not differ significantly 
in 1998 and 1999 (Tabl. 7), although usually the fluctuations can be observed in the 
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same site [35). The data on Ccs agree with published values [35-36, 55, 59-60) and do 
not correlate with NPP fallout. 

The accumulated doses were calculated by using the Brian-Amira model [3 7) and 
estimated of - 1-3 cGy for plantain seeds PI - P6 using the published transfer factors 
[35). We accounted the secondary wind rising in P7-PIO populations by means of [62). 
The results did not differ significantly from l 99S to 1999 (for accumulated radiation 
doses and soil concentrations) in the tested sites. 

Calculation of the NPP fallout and JINR accelerators' irradiation of seeds: 
Plantain seeds were not irradiated in lab, they experienced the NPP fallout irradiation in 
nature (annual fallouts on isotopes: Kr -2.5 TBq; Xe -2.5 TBq, and I -4.4 TBq [63), 
the dose rates are controlled by NPP administration). 

Distributions of the particulate emissions and gases were estimated according to the 
Smith-Hasker model [64) based on NPP characteristics [63) and winds in summer near 
the ground in the NPP region [55). The isotopes fallouts result in y-irradiation mainly 
(mean energy -1.1 MeV/y-quanta [65)). The relative DR values were calculated in the 
ratio to the dose in site Pl (Tabl. S). The relative DR value in P7 site is higher than in 
P2, P3, PS - PI 0 sites due to short half life of I isotopes, which do not reach the 
populations P2, P3, PS - PI 0. This fallout irradiation is not chronicle and depends on 
location of populations. Intensity of irradiation is shown in Tabl. S. We used the y
quanta' LEP-dependence on their energy [65] and the NPP characteristics [63) to 
calculate a mean y-quanta energy deposition per plant cell nucleus, which is 1.4 KeV. 

The expected irradiation dose was calculated after the JINR facilities operation in 
the P12 site. In 199S the calculated neutron dose level was I mSv (for two months), and 
the neutron dose rate level was O.S µSv/h (the neutron background dose rate - 9.3 nSv/h 
[66)); the radiation level over all the particles exceeded the background - twofold for 

Table 8. Relative daily Balakovo NPP fallout (radioisotopes Kr, 

Xe, I) dose rates DR, experienced by populations, which were 

calculated in the ratio to the dose in the site PI 

the dose and -eightfold for 
the dose rate. In 1999, the 
neutron irradiation did not 
increase. The averaged 

Populations Relative Intensity ofy-quanta Intensity ofy-quanta neutron energy was 5.5 
dose rate per cell nucleus per 

DR min xl0-7 

PI I 1.9· 104 

P2 80 1.7· 10·2 

P3 80 1.7· 10·2 

P4 560 0.11 

PS 5700 65 

P6 1350 0.26 

P7 340 6.7· 10·2 

per cell nucleus per 

3 months 

2.5· 10"6 

2.2· I 04 

2.2·10"4 

1.4· 10·3 

0.85 

3.4· 10·3 

8.6· 10·4 
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MeV. 
Chemical pollutions: 

Chemical pollutions of the 
atmosphere and soil were 
published in [15, 55). The 
analysis showed no 
correlations of the 
concentrations of the 
chemical pollutions with the 
NPP fallouts 



or biological values [23]. We believe that chemical pollutions cannot be a reason of the 
biological regularities or imitate them. 

Statistics: In the experiment with plantain seeds we used about 200 (1998) and 500 
( 1999) seeds and analyzed about 400-1 OOO (1998) and 900-3800 (1999) ana-telophases 
for each population. The data were processed using standard statistical methods [38] 
and statistical criteria [26 -28, 39]. 

4.2. ANALYSIS OF AVERAGED BIOLOGICAL VALUES 

Tabl. 9 presents non-survival of seeds and values that characterize processes in 
seedlings meristems and their cells. For the populations located near the NPP (P2 -
P6), the non-survival of seeds grew high (up to 80%) in 1999 in comparison with 1998. 
The mitotic activity is higher than the same value over all studied populations in 1998 
(p < 0.05, - threefold), and higher than in PI I, Pl2 plants (p < 0.05, - twofold) in 1999 
[20]. 

Table 9. Antioxidant status and non-survival of seeds, frequencies of both cells with 

abnormalities in meristem and chromosomes with abnormalities in cells 

Site Number of Number of AOS Non- CC As CAs Mitotic 

seeds ana- (C112) survival frequency frequency activity 

telophases 1-S,% 

1998 

PI 167 726 0.22 10.8 2.5±0.5 0.05 9.7±0.9 

P2 152 942 0.16 34.2 3.1±0.8 0.03 6.0±0.6 

P4 156 518 0.20 19.9 2.5±0.6 0.04 6.3±0.7 

P7 149 763 0.50 13.4 1.3±0.3 0.02 10.9±1.0 

P8 148 1047 0.80 31.8 3.2±0.8 0.03 7.8±0.8 

P9 167 528 0.76 65.3 4.6±1.4 0.07 6.1±1.0 

PIO 153 231 0.66 29.4 3.2±0.7 0.05 9.7±3.0 

PI I 153 342 0.83 55.6 4.4±0.9 0.08 7.3±1.0 

Pl2 148 1805 0.28 12.3 1.2±0.3 0.01 14.9±0.9 

1999 

P2 500 2228 0.16 72.6*** 3.2±0.4** 0.04 17.8± 1.2*** 

P3 500 3827 0.33 32.6 5.4±0.6 0.06 21.9± 1.3 

P4 500 1035 0.22 83.6*** 6.8±0.9*** 0.09 17.5±1.4*** 

PS 500 2209 0.25 67.8 6.3±0.6 0.07 15.0±0.9 

P6 500 2385 0.25 71.6 5.1±0.4 0.07 17.9±1.1 

PI I 500 2220 0.50 43.6* 5.5±0.5* 0.07 9.8±0.5** 

Pl2 200 832 0.31 37.5*** 5.6±0.8*** 0.01 8.0±0.6*** 
Standard error of the CAs frequency does not exceed 0.01. 
Comparing 1998 and 1999 data: * p > 0.1; ** p > 0.5; *** p < 0.00 I. 
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The correlations of the both frequencies of cells with abnormalities and 
chromosomes with abnormalities with non-survival of seeds were examined. The 
correlation between these values could mean the predominance of one mechanism 
influencing the non-survival of seeds. If such correlation is absent, we can assume that 
some mechanisms have approximately equal rights. In 1998, a strong correlation of the 
( 1-S) value with both frequencies of cells with chromosomal abnormalities (lri-s, ccAI = 
0.92, df=7, p < 0.001) [20] and the CAs (lr1-s, cAI = 0. 76, df=7, p<0.02) was observed. In 
1999, the correlation between the (1-S) value and CCA frequency disappeared (lr/ = 
0.02), and the correlation with CA frequency was non-confident statistically (/ri-s, cA/ = 
0.5 I, df=5). These data indicated that some mechanisms acted in the seeds collected 
near the NPP in 1999. We can think that observed effects were induced by radiation and 
heat factors because the radiation factors were the same for the both years and the 
temperatures were extremely high in all sites in 1999. 

The hypothesis of the combined effects of radiation and heat stresses was verified 
by our laboratory in the experiments on pea seeds [ 19]. 

4.3. STATISTICAL MODELING OF ADAPTATION PROCESSES IN SEEDLINGS 
MERISTEM AND THEIR CELLS 

The statistical mode ling was used to investigate mechanisms of adaptation and their 
dependence on irradiation. Tab!. 10 presents the parameters of distributions of seeds on 
the number of cells with abnormalities and cells on the number of chromosomes with 
abnormalities in 1998 and 1999. All distributions of seeds include Poisson and 
geometric components, and the Poisson one predominated in 1998. In 1999, the P-value 
decreased and the sample mean increased. It was expected because the heat stress 
increased (1999) the appearance of the reactive oxidative species (ROS) [67], which 
induced the DNA damages [68] and apoptosis [69]. The ROS increase the instability 
processes [70] that also results in the decreasing of the P-subpopulations. 

In 1998 some populations of cells were geometric-distributed on the number of 
CAs. Two distributions of cells included the first and the second geometric components 
(their plantain populations located in high chemical-polluted sites [55]). One cell 
population was P-distributed (these plants were growing near the accelerator). In 1999, 
all distributions consisted of two-geometric or geometric plus Poisson components. The 
Poisson component was observed in the populations growing at the border of the 
sanitary zone, in Chernobyl trace territory and near the accelerator. 

It is interesting that cells' distributions on the number of CAs can be geometric 
whereas seeds' distributions on the number of CCAs could have a Poisson component. 
We explain this fact by more intensive irradiation of meristem as the whole than of each 
separate cell. It suggests that irradiation effects are more pronounced in meristems than 
in cells. 
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Table I 0. Parameters of distributions of plantain seeds on cells with abnormalities and 

distributions ofmeristem cells on chromosomes with abnormalities 

Distribution of seeds on the number of Distribution of cells on the number of 

Seeds cells with abnormalities chromosomes with abnormalities 

'mG •a 'mP* P* cmGI* ca1• cmG2* ca2• cmP* cp• 

1998 

PI 1.10±0.05 0.17±0.03 0.22 0.41 0.01 0.42 0.30 0.07 

P2 0.05±0.05 0.10±0.03 0.17 0.45 0.03 0.26 

P4 0.07±0.04 0.06±0.02 0.17 0.64 0.04 0.38 

P7 0.14±0.06 0.27±0.04 0.19 0.38 0.02 0.52 

PS 0.10±0.06 0.07±0.02 0.26 0.39 0.03 0.34 

P9 2.40±0.09 0.01±0.01 0.36 0.19 0.07 0.39 0.28 0.04 

PIO 2.30±0.06 0.04±0.02 0.32 0.46 0.03 0.35 

PI I 0.70±0.10 0.09±0.02 0.45 0.21 non-confidence statistically data 

Pl2 0.06±0.04 0.12±0.03 0.21 0.69 0.01 0.9 

av. 0.77±0.32 0.10±0.03 0.26 0.42 

1999 

P2 1.05±0.17 0.13±0.01 0.36 0.11 0.02 0.43 0.14 0.12 

P3 1.85±0.13 0.30±0.02 1.20 0.37 0.02 0.40 0.11 0.55 

P4 2.01±0.46 0.02±0.01 1.26 0.12 0.03 0.25 0.53 0.03 

PS 0.08±0.31 0.04±0.01 1.20 0.26 0.06 0.50 0.23 0.05 

P6 2.45±0.42 0.04±0.01 0.96 0.21 0.02 0.36 0.22 0.12 

PI! 0.32±0.13 0.10±0.01 0.84 0.33 0.02 0.36 0.20 0.17 

Pl2 1.81±0.34 0.12±0.02 0.36 0.39 0.02 0.19 0.35 0.03 

av . 1.36±0.34 0.11±0.02 0.89 0.26 
• - Standard errors of the parameters do not exceed 20 - 30% (the sample means) and 
I 0-15% (the relative values) 

In addition to instability processes in meristems and their cells we present studies of 
stimulation of proliferation of resting cells, which contributes to adaptation 
significantly. Analysis of the distribution of seedlings on the number of proliferated 
cells (PC) has shown a sum of three lognorrnal distributions LN 1 +LN2+LN3 [12). 
Stimulation of proliferation of resting cells is not a compensatory mechanism [43) and 
the number of PC is an independent value. We assume that the number of cells in a 
stationary phase can be described as a stationary random branch process. From the 
above mentioned it follows that cells' mitotic activity can be described by lognormal 
distribution of cells on the number of PC [12) 1 in a first mitoses phase. This conclusion 

1 The proof has been obtained together with V.B. Priezzhev 
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is in agreement with lognonnal law described by A.N. Kolmogorov [49]. In the case of 
intensive selection it can be transformed into a geometric distribution [ 12]. 

4.4. REGULARITIES OF THE ADAPTATION PROCESSES INDUCED BY NUCLEAR 
STATION FALLOUTS IN PLANTAIN POPULATIONS 

Here, we present data (1999) which demonstrate a strongly synergic adaptive process 
which leads to a high risk of instabilities. The data calculated for 1998 will be used as a 
control. The parameters of seed distributions (Fig. 5) and cells' distributions (Fig. 6) are 
shown as dependent of the seeds' antioxidant status (Fig. 5 A, B; Fig. 6 A, B) [22, 23] 
and the calculated fallout dose near the NPP (Fig. 5 C, D; Fig. 6 C, D). 
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Figure S. The parameters of'P and 'G distributions of plantain seeds on the number of cells with CAs in root 
meristem of seedlings (lQ) versus antioxidant status (A, B) and the calculated relative dose (C, D). The 
sample mean (A, C) and value (B, D) of the 'P and 'G distributions arc shown (pl . I and 2, respectively). 
Points with the same dose rate irradiation arc connected (A, B).Control (1998) is designed by doned lines (C 
1,2). The regressions, A: y= -0.48+5.04·x (p < 0.05) (I), y= 0.25+4.SO·x (p < 0.05) (2); y=-0.92+12.96·x (p < 
0.05) (2a); B: y= -0.15+ I .4J.x (p < 0.05) (I), y= -0.04+1 .02·x (p < 0.05) (2); y= -0.10+0.5J.x (p < 0.05) (2a); 
C: polynomial fits (I, 2); D: polynomial fit (I); y=IOO/x''+0.027 (2). 
Figure 6. The parameters of ' G I and 'G2, 'P distributions of plantain meristem cells on the number of CAs 
[U) for the seeds collected around the NPP versus antioxidant status (A, B) and the calculated relative dose 
(C, D). The sample mean (A, C) and value (B, D) of the ' G I and 'G2, 'Pdistributions are shown (pl. I and 2, 
respectively). Points with the same dose rate irradiation arc connected (A, I, 2). The regressions, B: y= 
0.73-x + 0,02 (p < 0.05) (I), y= 0.77-x • 0,12 (p < 0.05) (2); C: polynomial fits (I, 2); D: polynomial fit (I); y 
= IOO/x14 + 0.027 (2). 

We combined the parameters of the cG2 and cp distributions (Tab I. 10) because they 
characterize the damage to cells of the sensitive subpopulation. These parameters are 
correlated with the sensitive 5G subpopulation (p < 0.001, df = 5, n = 7), which consists 
of surviving and more resistant seeds of the sensitive subpopulation [22]. Thus, the 5G 
subpopulation can be considered as a group at risk of instability which leads to death of 
seeds. 
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Values of surviving sensitive subpopulations of seedlings (Fig. 5 D; pl. 2) and cells 
(Fig. 6 D; pl. 2) decrease with fallout dose rate (p < 0.1, df = 3, n = 5). At the border 
(558 and 1350) or inside (1500 r.u 3) the 10-km zone, approximately 70-80% of seeds 
died, and the value of surviving ~G seedlings was about 2-3%. Meristem cells of these 
survived adapted seedlings consisted of the increased number of late or primary DNA 
damages (p < 0.05) [22] (Fig. 5 C, D; Fig. 6 C, D; pl. 2). 

For the seeds collected in different populations of neighboring ecosystems 
(relative NPP fallout dose rate = 82 r.u), the parameters of the sNp and sNG 
distributions (Fig. 5 B, pl. 1, 2) and the cNa2 distribution (Fig. 6 B, pl. 2) differed 
(p < 0.05) depending on the seeds' antioxidant status [22]. The picture shows 
increasing of the sample mean of sG-subpopulation with antioxidant status (p < 
0.05) (Fig. 5 A, pl. 2). 

Dependence of appearance of proliferated cells on dose rate irradiation: The 
proliferated cells (PC) can appear in the P- and G- subpopulations due to heterogeneity 
of proliferative pool [ 42], and the third subpopulation corresponds to the activated 
resting cells [ 12]. The analysis of the distribution of seedlings on the number of PC has 
shown a sum of three lognormal distributions LN l +LN2+LN3 [ 12]. 

Parameters of all distributions depend on antioxidant status (Fig. 7 A, B), but the 
second subpopulation is the most sensitive (Fig. 7 B). Dependence on the relative dose 
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Figure 7. Dependence of sample mean (A, C) and relative value (8, 
D) of seeds' distributions on the numbers of proliferated cells in 
meristem of rootlet on antioxidant status (A, B) and relative dose 
(C, D). Plots of parameters of three lognorrnal distributions are 
marked with I, 2, and 3. 

rate is presented in Fig. 7 C, D. 
The values of LN 1 and P, as well 
as LN2 and G are correlated: lrl = 

0.83 (df = 5, p < 0,01) and lrl = 

0.95 (df = 4, p < 0.01), respectively 
[ 12]. It is supposed that 
distributions LN l and LN2 
describe resistant and sensitive 
subpopulations of the PC. The MI 
is related with G- and LN3-
distributions (homogeneity 
criterion, x2 = 2.9; df=4; p << 
0.00 l ). The value of the LN3-
distribution increases significantly 
(p < 0.05) in the sanitary zone of 
the nuclear station (Fig. 7 D), 
thereby it corresponds to the 

3 Evaluation of this relative dose rate can be less reliable because this population was located :::: I 00 m 
from the NPP in the shade of the smokestack. 
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increase of PC and CA numbers (because most of the resting cells are mutant [71 ]). 

4.5. RISK OF CHROMOSOMAL INSTABILITY 

At the border of the sanitary zone, the number of abnormal cells was negligible in 
1998 (Fig. 5 C, pl. C 1, 2). The higher temperature (1999) increased it up to 
approximately one cell with abnormalities per meristem in fifty percent of seedlings for 
the P subpopulation and more than two cells for G-one (Fig. 5 C). It is enough to 
decrease seeds survival from eighty to twenty percent in P subpopulation (Fig. 5 D). In 
the resistant fraction, the risk of instability and accumulation of abnormalities can be 
calculated with P parameter, it is 20%. In the sensitive fraction, the risk of instability is 
coupled with selection and can be calculated with G-parameters; it is 1-2%. The risk of 
seeds' death is approximately 80%. Risks of the bystander and chromosomal instability 
processes increase with the decline of antioxidant status (Fig. 5 C), and increase with 
the fallouts dose (Fig. 5 D). 

5. INSTABILITY PROCESS ACROSS GENERATION. CONSEQUENCES OF 
NUCLEAR TEST FALLOUTS FOR INHABIT ANTS 

5.1. OBJECTS AND METHODS 

Samples of individuals: At the beginning of the 1950s, nuclear tests were conducted 
in the Novaja Zemlja and Semipalatinsk sites, resulting in radioactive fallouts in the Far 
North and Siberia, including the Tyumen and Irkutsk regions. Random samples of 
persons living in settlements Samburg and Maloe Goloustnoe were studied. As a 
control, a group of individuals from the city of Novosibirsk, whose blood sample (1 ml) 
contained not less than I 00 activated lymphocytes, was investigated. The samples of 
persons were divided into four groups corresponding to the individuals who were 
irradiated by fallouts, and their children, grandchildren, and great-grandchildren. 

Cytogenetic analysis: Frequency of lymphocytes cells with abnormalities was 
determined as the ratio of the abnormal lymphocytes number to the proliferated ones. 
The results of the analyses of chromosomal breakages in blood lymphocytes of the 
persons living in these settlements are published in [18]. 

Radiation situation in tested sites: At present, 13 7Cs contaminations are 153 and 
118 Bq/kg (lichen and venison, respectively) in settlements Samburg of Tyumen region 
[17], and 55 Bq/m2 (soil) Maloe Goloustnoe oflrkutsk region [72]. 

Methods of statistical modeling: In this case distributions of individuals on the 
occurrence frequency of abnormal lymphocyte cells in the proliferated ones are 
presented. This problem was investigated especially because both numbers of abnormal 
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and proliferated cells are independent values. It has been shown that values of 
frequency distributions can be also used to analyze instability processes [21]. 

Statistics: Blood samples of 163 (Samburg), 66 (Maloe Goloustnoe) and 40 (control) 
individuals were investigated. 

5.2. STATISTICAL MODELING FOR PERSONS LIVING IN RADIATION -
POLLUTED AREAS 

To investigate the consequences of irradiation across generations, we analyzed 
distributions of individuals on the occurrence frequency of lymphocytes with CAs in 
blood samples of persons living in these settlements and of the control group. 
Distributions of individuals on the frequency of CAs in blood lymphocytes and 
approximations of these distributions are presented in Fig. 8. 

The types of distributions for persons living in the Tyumen and Irkutsk regions are 
P, G, and P+G. Analysis of distributions for the parental generation on the frequency of 
lymphocytes with CAs has revealed a geometric component, whereas those for 
grandchildren (Irkusk region) and great-grandchildren (Irkutsk and Tyumen regions) 
also follow a Poisson distribution. A tendency has been observed towards the decreased 
sample means of the P distribution across generations, but it remains higher (3.1 + 4.2, 
p < 0.05) than the control value (1.4) (Tabl. 11 ). This tendency may reflect the death of 
individuals with small numbers of lymphocytes (these persons are "G distributed" [22]) 
and more resistant young individuals than the old ones. 

5.3. CONSEQUENCES OF NUCLEAR TESTS FOR INHABITANTS FOUND BY 
STATISTICAL MODELING 

We see that the sample mean of P-distribution varies a little, but exceeds 
significantly the control value. It means that the instability process continues across 
three generations of irradiated persons (Fig. 8). There are 3 abnormal cells of 
lymphocytes per blood sample for fifty percent of younger's living in the tested sites. In 
the control, this result is observed for five percent of individuals. 

Distributions for older persons are characterized by G component. This indicates 
that resistance in persons plays the main role in selection. 

The comparison of genome instabilities of the persons living in the Tyumen and 
Irkutsk regions has shown that the sample means of P distributions for both regions are 
approximately equal. Distributions of parents' and children's samples from settl. M. 
Goloustnoe and grandchildren's sample from settl. Samburg, have revealed a G 
component. Taking into account the absence of lymphocyte activation in many of the 
Sam burg individuals (Tab I. 11 ), we can assume that the continued radiation effects are 
caused by the food chain of the North nations' "lichen-reindeer-man". 
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Figure 8. Statistical 
modeling of distributions of 
persons of different 
generations on the 
frequency of cells with 
CAs occurrence 
(Korogodina et al 2010 b). 
Sample of the persons 
living in the settlement 
Samburg (A - D); the 
settlement Maloe 
Goloustnoe (E - H); the 
city Novosibirsk (I). 
Parents (A, E); children (8, 
F); grandchildren (C, G); 
great grandchildren (D, H). 
I, Poisson component; 2, 
geometric one; 3, their 
sum. Experimental data are 
shown with their standard 
errors. 

5.4. RISK OF CHROMOSOMAL INSTABILITY FOR PERSONS 

Bystander processes in resistant groups of persons result in increasing frequency of 
lymphocytes with CAs in blood samples, and the risk of these effects can be estimated 
with P parameters. The frequency of lymphocytes with CAs is 3.2 ± 0.3 for 50% of 
persons younger than 18 years old, whereas it is 5% in the control group (Tab!. 11 ). 
Selection (death of sensitive persons) is related with lymphocyte depletion: persons 
with lymphocyte deficiencies are those with blood diseases, who have been accounted 
in the presented statistics. They form a "group of risk" which can be determined by G 
value. The P and G values have demonstrated that the processes of genome instability 
and selection prevail in the oldest generation. 

243 



Table 11. Frequency ofCAs in blood lymphocytes of persons living in Tyumen and Irkutsk regions, and 

Novosibirsk city, parameters of the most effective model of approximation. 

Settl. Samburg, Tyumen region 

Age NO N 1 Frequency 

50-80 24 

39-49 36 

18-38 71 

Age NO 

< 18 29 

7 

4 

7 

Ni 

0 2 

2 4 

6 8 
7 17 

Frequency 

0 5 

10 18 

4 

6 

7 

19 

10 

0 

Settl. Maloe Goloustnoe, Irkutsk region 

Age NO N2 Frequency 

G,P 

6 8 10 12 14 16 >18 mG/G 

4 0 0 0 0 0 0.2/1.7 

4 1 2 0 0 2 5.0/19.3 

14 5 0 0 0 0 3.2/18.5 

G,P 

15 20 0 0 0 0 0 mGIG 

0 0 0 0 0 0 

0 mG/G mGIG 6 8 10 12 14 16 

G,P 

>18 mG/G 

60-80 10 3 4 1 2 2 

40-60 32 4 7 12 

Age NO N2 Frequency 

0 1 2 

18-40 23 I 3 

<18 15 

Novosibirsk 

Age NO N3 

40 40 

3 

Frequency 

0 I 2 

7 16 13 

5 

3 

6 

5 

3 

4 

0 

3 

4 

4 

2 

4 

0 

0 

3 

5 

4 

2 

5 

0 

6 

3 

6 

0 

0 0 
0 

7 

0 

7 

0 

0 

8 

0 

0 

8 

0 

0 3.019.9 

0 

9 

0 

0 

9 

0 

5.817.3 

G,P 

mGIG 

G,P 

mGIG 

mP/P 

4.2115.4 

3.5111.1 

4.2/44.7 

mP/P 

3.3/28.1 

mP/P 

4.2/24.6 

mP/P 

4.0123.7 

3.1/15.3 

mP/P 

1.4 

The standard error of sample means d(mP) = I 0-15%, d(mG) = 30-40%. The control group consisted of persons from 
Novosibirsk, the number of analyzed lymphocytes exceeding I 00 in each blood sample. NO, total number of examined 
persons; NI, number of persons in whose blood samples the lymphocytes were not activated; N2, number of persons in 
whose blood samples the number of activated lymphocytes did not exceed 30; N3, the number of persons in whose blood 
samples the number of analyzed lymphocytes exceeded I 00. 

6. DISCUSSION 

Non-linearity induced by low -dose- rate irradiation: The dead fraction of seeds 
was increased by even a single oxidizing factor but especially under the combined effect 
of multiple oxidizing factors (Fig. 1 ). In all groups of seeds, value (I - S) was non
linear at the interval 0-19.l cGy/h irradiation and increased significantly at a dose rate 
of 0.3 cGy/h (Tab I. 1 ). The non-linear dependence of cells with CAs number was also 
observed at this interval (Fig. I). It is clear that stress induces "system replay", which is 
necessary to fit the organisms in their ecological niche. The adaptation strategy of 
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survival differs from the strategy induced by the middle-lethal impact which is based on 
the post-radiation recovery: irradiation - number of CAs - non-survival [73]. 

The statistical modeling of cells with CAs appearance clarifies the stress-induced 
non-linearity. The simulation of CAs justifies the hypothesis that there are two 
subpopulations of seeds. In the first subpopulation, the CAs appear independently and 
are Poisson-distributed. In the second, the appearances of CAs are correlated. The 
simulation supported both Poisson and geometric mechanisms in meristems, which 
contribute to the seed survival (Tab I. 2). In the dose-rate interval of 0.3-1.2 cGy/h, the 
5mG values tended to increase (p < 0.05), whereas 5mP ones did not change significantly 
(p > 0.05) in comparison with the control. The (1 - S) value increased due to the 
elimination of cells and the failure of seeds to germinate in the geometric (particularly 
the Poisson) subpopulation (Tabl. 2). We can conclude that mechanisms induced by 
stress conditions regulate the number of proliferating and abnormal cells. We would 
like to speculate that a stress factor induces the bystander mechanism coupled with 
selection (filtration) to adapt a population in its ecological niche. Adaptation includes 
increasing variability (quickly elevating the sample mean smG) and dramatic decreasing 
the number of germinated seeds. N. W. Timofeeff-Ressovsky (1939) emphasized two 
requirements of evolution: sharp increasing of the evolution material coupled with 
partial death of a population because a new genotype would get an advantage only in 
this case [74]. 

Statistical model of adaptation: Genetic instability has long been considered as 
material for evolution [3, 5, 75]. Appearance of multiple mutations in blood 
lymphocytes of workers in radiochemical enterprises was analyzed by N.P. Bochkov et 
al. [9] and A.N. Chebotarev [11], who first used statistical modeling. This statistical 
approach was developed by R. Arutyunian et al. who showed appearance of multiple 
CAs in blood lymphocytes of patients with a syndrome of chromosomal instability, 
which can be presented as G- and P-distributions [ 1 O]. These three authors expressed 
an idea based on the queues theory and related these distribution tails with DNA repair 
[9]. The investigations and modeling of fitness distributions were provided by 
R.A. Fisher [6], J.H. Gillespie [7], and H.A. Orr [8]. Orr showed the universal character 
:if distributions with tails in evolutionary models and the complementation of this 
phenomenon with selection [8]. In Russia, V.I. Korogodin and his colleagues provided a 
series of investigations in the 1970s which showed the connection of instability with 
mmmarized chromosomal aberrations [3] induced by low dose irradiation or non
::iptimal conditions [4]. The above presented model of adaptation is founded on the 
time-dependent accumulation of abnormalities and time-dependent selection based on 
repair filtering [ 12, 13]. Its parameters indicate selection (relative value of distributions) 
md intensity of damaging processes (sample mean of distribution). 

Influence of irradiation dose rate on instability and selection: Investigations on 
::iea seeds have shown that the parameters of the 5G and cG2 distributions change at 0.3-
1.2 cGy/h in comparison with the control group: the sample mean increases and the 
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relative value decreases. The P component is displayed at the higher dose rate 
(19. l cGy/h) whose sample mean was low (Tab!. 6). We can observe the increased late 
processes with the low-dose-rate irradiation, which are displaced then by intensive 
primary damage to cells and DNA. Investigations on plantain seeds have shown that the 
parameters 5mG, both cmG2, cmP increase with radiation intensity and then fall back 
(Fig. 5 C; Fig. 6 C, pl. 2). This fall of the sample mean is coupled with dramatic 
diminution of the relative values of 5NG, both ~G2, and ~P at high-dose-rate irradiation 
(Fig. 5 D; Fig. 6 D, pl. 2). Thus, the intensities of both late processes and selection 
depend on the irradiation dose rate. Intensive primary damage becomes dominant under 
the late process in the cG2 subpopulation when Irad > Ireg· 

Similar conclusion results from the statistical modeling of CAs in blood 
lymphocytes of inhabitants and workers of radiochemical enterprises based on the data 
published in [9] (Tab!. 12). For the "inhabitants" and "workers irradiated with 
0.18+0.3 7 Sv" the risks of chromosomal instability in blood lymphocytes are 4% and 
7%, respectively; the averaged number of CAs per cell is about 1. We can conclude that 
radiation effects are equal for these two groups of persons because the characteristics of 
the resistant as well as of the sensitive groups are almost identical. For the third group 
of persons, 97% of cells have primary damages with an averaged number per cell of 
about 0.04. 

Table 12. Statistical modeling on blood lymphocytes of people who lived in 

t. Seversk and workers in its radiochemical industry 

Group Modeling GI mGI G2 mG2 p mP 

Inhabitants Gl+G2 0.96 0.03 0.04 1.17 

Workers, Gl+G2 0.92 0.03 0.07 0.82 

0.18+0.3 7 Sv 

Workers, Gl+P 0.03 1.49 0.97 0.04 

0. 93+ 1.57 Sv 

Standard errors of parameters did not exceed I 0-15%. Data on chromosomal aberrations 

are published in [9]. The hypotheses "P" and "G" do not satisfy the criterion x2 (p > 
0.05). 

Dependence of relative values of P and G distributions on antioxidant status: In 
plantain investigations the dependence of relative values of P- and G- distributions on 
antioxidant status has been revealed (Fig. 5 B, pl. 1, 2). This supposes that antioxidants 
influence selection is related with radioprotection in plants; this conclusion agrees with 
the results of investigations published in [76]. 

Dependence of sample mean of distributions on antioxidant status: The sample 
mean of 5G-subpopulation depends on antioxidant status (p < 0.05) (Fig. 5 A, pl. 2). 
This result agrees with investigations which showed the involvement of energy 
metabolism in the production of bystander effects by radiation [77]. No influence of 
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antioxidant status on the sample means 0 mG 1, 0 mG2 and 0 mP was revealed in these 
plantain studies (Fig. 6 A), perhaps, because the sample sizes were not sufficient. The 
hypothesis has been made that the phenomenon of hypersensitivity can be a result of 
oxidative stress [78]. The authors of this paper have investigated effects of low-dose 
radiation on human blood lymphocytes within the range from I to 50-70 cGy, that is 
higher than around the NPP. In our calculations, each seedling's meristem experiences 
the influence of even one g-quantum per 3 months in the 20-km NPP zone [ 13]. We 
suppose that multiple DNA damages could appear due to the affected mass cellular 
structures. This conclusion agrees with the opinion of C. Mothersill and C. Seymour 
concerning the role of epigenetic factors in low-dose effects [79]. 

Involvement of stimulation of proliferation in adaptation process: The 
mathematical analysis has shown that proliferated cells' pool consists of three 
subpopulations: two of them represent heterogeneity of cells, - resistant plus sensitive 
fractions, and the third one -the resting cells stimulated to proliferation. The first and 
second fractions are identical with 5P- and 5G-subpopulations of cells. The resting cells 
are often abnormal; therefore the third subpopulation can be G-distributed in the first 
place [12]. So, stimulation of proliferation has a double mission: increasing of cells' 
pool and involvement of new genetic material for selection. 

Continued adaptation across generations: The induction of genome instability by 
low-dose irradiation is well documented [80]. The studies of genetic instability across 
generations of low-dose-rate irradiated mice which indicated the genetic instability in 
the FI, F2, and F3 generations from the irradiated males were published in [81]. For 
persons living in settlements Samburg and Maloe Goloustnoe the mathematical analysis 
has shown chromosomal instability which continues across three generations of 
irradiated individuals, because the mP values of distributions of youngsters' samples 
have increased (Tabl. 11; Fig. 8). Model characteristics indicate the significance of 
resistance in individuals (youngsters' samples) which plays the main role in selection in 
blood lymphocytes: samples of older individuals are characterized by the geometric 
distribution on the number of lymphocytes with CAs (Fig. 8) and on lymphocyte 
depletion (Tab I. 11 ). Finally, it has been found that the intensity of bystander processes 
and selection are higher in settlement Samburg, and this can be related with longer 
irradiation due to the food chain of "lichen-reindeer-man". All the mentioned above 
should be considered as components of the adaptive process. 

What y-quanta can induce bystander effects? In our laboratory studies, irradiation 
with 0.3 cGy/h (intensity -1 y-quanta/cell nucleus/min) is most effective to induce 
bystander effects [ 19]. On the other hand, the number of primary Poisson damages (mP) 
should be minimal at this dose rate. A probability of double hits/nucleus/min would 
increase with the dose rate, whereas bystander effect decreases significantly [19]. It 
means that one y-quanta can induce the bystander effect. 

In natural experiments, y-rays are mostly a part of irradiation near the NPP; their 
intensity is -1 y-quanta/nucleus/3 months in immediate proximity to NPP (P5). It means 
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that each nucleus could be damaged in the vegetation period. In P4, P6 populations (the 
border of the sanitary zone), the number of NPP fallout y-quanta is I 0-3 times lower. In 
all these populations, the bystander effect was observed significantly. It seems not too 
incredible because the modern investigations have shown that irradiation comparable 
with the background induces changes in cellular membranes [82]. Many researchers 
relate the bystander effect with the appearance of pores in cellular membranes [82]. 

Calculation of risks of instability in ecology and epidemiology: The risk of 
bystander effects coupled or not by selection processes, can be calculated by means of 
the parameters of G and P distributions. The risks of chromosomal instability can be 
determined with values of the G distribution of cells on the CAs number. A P 
distribution with a low mP value indicates primary abnormalities, but the increasing mP 
value indicates reduction of late processes [ 12]. 

7. CONCLUSION 

Effects of low-dose-rate irradiation can be described by means of the model of 
adaptation. A statistical model of adaptation has been developed on the concepts of 
time-dependent accumulation of abnormalities and time-dependent selection based on 
repair filtering. Its parameters indicate intensity of damaging processes (sample mean of 
distribution) and selection (relative value of distributions). 

Low-dose-rate irradiation increases sample means and decreases relative values of G 
distributions, signs of late damage processes and selection. Relative values of P and G 
distributions increased with antioxidant status, indicative of an inverse relation between 
selection and antioxidant status. Investigations on plantain seeds have shown the 
influence of antioxidant status on sample means of P and G distributions of seedlings on 
the number of cells with abnormalities, assuming involvement of oxidants in bystander 
mechanisms. 

Synergism of irradiation and heat stresses is a result of late damage processes which 
leads to decreasing numbers of CAs and cells with CAs (Ksyn < 1) and then - to the 
death of seedlings (Ksyn = 4). 

In old seeds, the statistical modeling has revealed P distributions on the number of 
CAs characterized by low sample means in control seeds and the seeds irradiated at 
19.1 cGy/h. This result means that these P distributions are formed by cells with 
primary damages involving strong mutagenic effects of aging and irradiation at 
19.1 cGy/h. 

Statistical mode ling on the basis of investigations of blood lymphocytes of samples 
of four generations of people living in settl. Samburg (Tyumen region) and settl. Maloe 
Goloustnoe (Irkutsk region) has shown increasing sample means of P distributions of 
youngsters' samples of settl. Samburg and M. Goloustnoe over the control level. This 
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result has confirmed bystander processes in blood lymphocytes. Age, region and 
national traditions are also important factors in radiation-induced adaptive processes. 

The model parameters can be used to calculate risks of adaptive and instability 
processes. The risk of the bystander effect in tissues coupled or not with selection 
processes, can be calculated with the parameters of G and P distributions. Risks of 
chromosomal instability can be estimated with values of the G distribution of cells on 
CAs numbers. A P distribution with a low mP value indicates primary abnormalities, 
but the increasing mP value means reduction of late processes. 
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Abstract. The purpose of this work was the analysis of the effects of bystander factors 
from blood sera of people affected by the Chernobyl accident on human keratinocyte 
cell culture (HPV-G cells). A new method was developed for evaluation of bystander 
factor presence in viva in blood of people irradiated by the Chernobyl accident. 
Affected population groups included liquidators of the Chernobyl accident and people 
living and working in areas of Gomel region contaminated by radionuclides. The 
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1. Introduction 

For a long time it was considered that genetic effects of irradiation are related only 
to direct DNA damage. But a lot of evidence suggests the existence of a phenomenon of 
information transfer from irradiated cells to non-irradiated (so-called radiation induced 
bystander effect, RIBE) (Nagasawa and Little, 1992; Mothersill and Seymour, 1997). 
Such bystander factors could be induced not only by ionizing radiation, but also 
observed under different pathological conditions (Emerit, 1994). The specific nature of 
these factors and mechanism of RIBE are still unknown (Baverstock and Belyakov, 
2010). 

In recent years some evidence of RIBE induced in vitro was obtained, while the 
effects in viva are not enough studied. 

Effects of bystander factors induced in vivo in blood of people affected by the 
Chernobyl accident are of particular interest. 

For the first time such studies were performed by Dr. I. Emerit (Emerit, 1990), when 
it was shown that blood sera from liquidators of the Chernobyl accident or residents of 
areas contaminated by radionuclides contained an increased level of bystander factors. 
These factors increased the frequency of chromosome aberrations and micronuclei in 
own lymphocytes of serum donors even decades since irradiation. 

In Emerit studies own lymphocytes of serum donors were used as a test-system. But 
these cells were already exposed to ionizing radiation, as a result, the level of 
chromosome aberrations and micronuclei was increased there. At the same time, human 
peripheral blood lymphocytes under in vitro conditions could be subcultured only for 2-
4 days, therefore it is impossible to evaluate serum effects for a longer period. 

In the present study a new method was developed which allows evaluation of the 
effects of bystander factors from sera of different groups of populations on 
immortalized culture of human keratinocytes. This method has serious advantages as 
compared to that which was used earlier: cells could be cultivated for a longer period of 
time (re-cultivation once a week), they are more sensitive as compared to human 
peripheral blood lymphocytes, experiments could be easily repeated, allowing simple 
comparison and interpretation of the obtained results. 

Using this method, we evaluated the level of damaging bystander factors in blood of 
areas irradiated by the Chernobyl accident. 

The study of the nature and possibility of modification of bystander factors, 
circulating in blood serum of populations, affected by the Chernobyl accident, will 
facilitate better understanding of radiation damage mechanisms. Knowledge of these 
mechanisms is increasingly important for cancer radiation therapy -for using special 
correcting coefficients taking into consideration effects of bystander factors. The anti
tumor therapy could be more effective and safe. Revealing the nature of the damaging 
bystander factors will promote more exact dose evaluation and radiation risk for people, 
exposed to ionizing radiation, as the risk of radiation exposure at low doses, calculated 
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using direct and bystander effects, may be higher as compared to that calculated only 
from direct effects. The ability to neutralize and modify these factors may help to 
decrease significantly the effects of whole body radiation exposure. 

2. Materials and Methods 

2.1. CELL CULTURE 

In the present study HPV-G cells (human keratinocytes, immortalized by human 
papilloma virus transfection), deficient in p53 were used as a test system. Cells were 
cultured in Dulbecco's MEM: FI 2 (I: I) medium supplemented with I 0% Foetal bovine 
serum, I% penicillin-streptomycin (I g per I 00 ml), I% L-glutamine and I µg/ml 
hydrocortisone. The cells were maintained in an incubator at 3 7 degrees centigrade, 
with 95% humidity and 5% carbon dioxide and routinely subcultured every 8-10 days. 

2.2. AFFECTED PO PU LA TI ONS 

The objects of investigation were blood sera from people affected by the Chernobyl 
accident: Chernobyl liquidators of 1986-1987 (22 persons), Polessky State Radiation 
Environmental Reserve workers5 (PSRER, 21 persons) and people, living in areas of 
Gome) region (GR) contaminated by radionuclides(l 5 persons). The analysed groups 
also included 4 persons with acute virus infection (flu) living in areas contaminated by 
radionuclides. The control group included clinically healthy people from non
contaminated areas, corresponding to the main group in age and sex (36 persons). 

2.3. SERUM EXTRACTION 

The blood samples were taken and placed in Vacutainers for serum extraction 
(Becton Dickinson, USA), centrifuged at 2000g for 10 minutes, and the serum was 
frozen and stored at -20°C before use. Before freezing, the sera were filtered through 
0,22 µm filters (Nalgene, USA) in order to remove all residual cell components of the 
blood. 

5 Polessky State Radiation and Environment Reserve (founded in 1988) is a territory of Gome! region, 
where humans cannot live because of the very high levels of radiation contamination. The territory of this 
reservation is 215.5 hectares. 
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2.4. RADIO PROTECTIVE SUBSTANCES 

Antioxidant substances melanin and melatonin were used as radioprotectors. 
Melanin (Belarusian pharmaceutical association, Minsk) was used at I 0 mg/I 
concentration, melatonin (Sigma, Germany) - at 10 mg/ml. 

2.5. MICRONUCLEUS ASSAY 

Micronuclei assay. After plating, cells were left at 37°C in the C02 incubator to be 
attached for 12 hours. The blood serum from affected populations was placed into 25 
cm2 flasks (NUNC, USA) (6000 cells per flask) 1-2 days after plating, and cells were 
placed again in the incubator for 1-2 h. Then cytochalasin B was added (7 µg/ml 
concentration) and the cells were incubated for 24 hours. The cell culture medium was 
removed, the cells were washed with PBS and fixed with chilled Karnua solution (1 part 
of glacial acetic acid and 3 parts of methanol, 10-15 ml 3 times for 10-20 min). Later 
flasks were dried and stained with 10% Giemsa solution. The micronuclei count was 
carried out under inverted microscope. The data are presented as the micronuclei (cells 
with micronuclei) frequency recorded per 1 OOO binucleated cells ± standard error. 

2.6. ALAMAR BLUE ASSAY 

Alamar blue (AB) assay. HPV-G cells were plated on 96-well microplates (NUNC, 
USA) at the concentration of 2x 104 cells/well. After plating, cells were incubated for 24 
hours to allow attachment to the bottom of the well. Then the medium was removed, 
cells were rinsed with phosphate buffered saline (PBS) and the blood serum from the 
Chernobyl accident populations was added to the cells together with melanin and 
melatonin as appropriate. Microplates were placed into the incubators. Twenty-four 
hours later, serum was removed, cells were rinsed with PBS and 100 µI of a 5% solution 
of Alamar Blue prepared in phenol red free DMEM media were added. Microplates 
were placed again into the incubators. Three hours later, fluorescence was quantified 
using a microplate reader (TECAN GENios, Grodig, Austria) at the respective 
excitation and emission wavelength of 540 and 595 nm, respectively Wells containing 
medium and Alamar Blue without cells were used as blanks. The mean fluorescent units 
for the 3 replicate cultures for each exposure treatment were calculated and the mean 
blank value was subtracted from these results. 

2.7. STATISTICAL ANALYSIS 

All experiments were repeated at least three times, and within each experiment cultures 
were set up in triplicate. Results are expressed as the means+/- standard errors. 
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2. 7.1. t-test 

When the distribution was normal, significance was determined using the t test. The 
level of significance was chosen as 95%; at t'.'.:2.67, the difference is highly significant at 
p<0.01, at t2: 1.96, the difference is significant at p<0.05. At p>0.05, the difference is not 
significant. 

2. 7.2. Mann-Whitney U-test 

The Mann-Whitney U test is a nonparametric alternative to the t-test for independent 
samples and was calculated using STA TISTICA 8.0 (Statsoft, USA). The U statistics is 
accompanied by a z value (normal distribution variate value), and the respective p
value. 

3. Results 

3.1. STUDY OF EFFECTS OF BLOOD SERA FROM PEOPLE, AFFECTED BY THE 
CHERNOBYL ACCIDENT ON MICRONUCLEI FREQUENCY IN HPV-G CELLS 

Table 1 presents data on the effects of blood serum samples from different population 
groups on the total micronuclei frequency in HPV-G cells (average data presented). 

The micronuclei frequency in the controls indicates the level of spontaneous 
mutagenesis (it is comparatively low). The data from Table 1 show that the number of 
the cells with 2 and especially 3 micronuclei is very low as compared with the number 
of cells with one micronucleus. 

As seen from Table 1, people exposed to chronic radiation (PSRER workers) have 
an increased level of bystander factors, expressed as a considerable increase in 
micronuclei frequency (almost 3 times as high as the control level - 248.03%0±20. 77 as 
compared with 80.30%0±13.14, p<0.01). 

At the same time an increase in the number of the cells with more than one 
micronucleus was observed. Thus, the data clearly indicate that intensive chronic 
irradiation of PSRER workers significantly promoted accumulation of bystander factors 
in blood. 

Similar results were observed after comparative analysis of the micronuclei 
frequency between the control group and the liquidators group (people exposed to acute 
radiation). The total micronuclei frequency of 273. 7%0±22.4 and the frequency of cells 
with micronuclei of 235.6%0±14.0 in cells treated with serum from liquidators were 
significantly higher than those in the control group (in both cases p>O.O 1 ). Also, an 
increase in the number of cells with more than one micronucleus was observed. 

The level of micronucleus frequency induced by serum samples from the residents 
of contaminated areas of Gomel region is statistically significantly different from the 
control (156.47%o±11.22 vs. 80.30%0± 13 .14 p<O.O 1 ), but much lower than in people, 
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exposed to additional radiation influence (as compared to liquidators and PSRER 
workers in all cases p<0.01). 

TABLE I. The effects of blood serum samples from different groups of population on HPV-G micronuclei 

(MN) frequency (average data are presented) 

Frequency of cells with MN, %o Total number 
Total MN 

of cells with 
frequency, %o !MN 2MN 3MN 

MN,%o 

control 69,5± 11, I 5,0±1,1 0,3±0,1 74,8±12,4 80,3±13,1 

liquidators 200,6±12,2 30,6±2,6 4,6±1, I 235,6± 14,0*t 273,7±22,4*t 

PSRER workers 196,5±10,9 18,8±3,8 4,4±1,1 219,7±18,3*t 248,0±20,8*t 

residents of GR 130,5±7,7 11,8±1,8 0,8±0,3 143,1±9,3* 156,5±11,2* 

residents of GR with 
190,2±6,6 87,7±4,8 23,3±2,3 301,2±7,8*t 435,6±8,4*t 

acute virus infection 

• p<0,01 (compared to controls); t p<0,01 (compared to GR residents) 

At the same time, the level of the micronucleus frequency induced by serum 
samples from the residents with acute virus infection at the active stage is higher than in 
all previous cases - the micronucleus frequency induced by the serum from these 
patients is 435.6%0±8.4, and the number of cells with micronuclei is 301.2%0±7.8. These 
figures are much higher than those for liquidators and PSRER workers (in both cases 
p<0.01). 

3.2. STUDY OF THE EFFECTS OF BLOOD SERA FROM POPULATION GROUPS, 
AFFECTED BY THE CHERNOBYL ACCIDENT ON METABOLIC ACTIVITY OF 
HPV-G CELLS 

The study was run to understand if there were any bystander factors observed in serum 
samples of these population groups which could affect cell metabolic activity. The 
blood serum samples for Alamar Blue analysis were taken from Chernobyl liquidators 
and residents of contaminated areas of Gome I region. 

Figure 1 presents the average data for all these groups (metabolic activity of intact 
cells is taken as 100%). The viability of the cells treated with serum samples from non
irradiated individuals is very close to intact levels (t=0.33, p<0.01 - the difference is not 
significant). It means that the metabolic activity of these cells is not damaged by serum 
samples from healthy people, not increasing or decreasing significantly the viability of 
HPV-G cells. 

Treatment of the cells with serum samples from Chernobyl liquidators clearly 
reduces the viability of HPV-G cells more than 1.5 times - from 24.89±0.25 x103 FU 
(intact cells) and 24.67±0.62 x103 FU (non-irradiated individuals) to 15.65±0.82 x103 
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FU (liquidators); p<0.01 in both cases (t=l0.79 and 8.77, respectively). Treatment of 
HPV-G cells with serum samples from residents of contaminated areas of Gamel region 
also reduces the viability of cells (19.16±0.71 x103 FU, t=7.62 compared to intact cells, 
p<O,O I), but not as significantly as sera from liquidators. 
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Figure /. Cytotoxic effects of serum samples from the control groups, Chernobyl liquidators and residents of GR on 
metabolic activity of HPV-G cells (as a percentage of intact cells, average data for all groups of populations are 
presented). 

Table 2 presents the results of the comparison between all groups using the Mann
Whitney U-test. 

The analysis of differences between all groups showed that there was statistically 
significant difference (with at least p<0.005) between all groups excluding intact cells 
vs. non-irradiated population group (p>0.05). The highest difference was observed 
between liquidators vs. intact cells. 

TABLE 2. Comparative analysis of 4 independent groups (intact cells Kl> non-irr~iated individuals K2, 

liquidators and residents of GR) using Mann-Whitney U-test. 

Groups of comparison 

Kl vs. K2 

K I vs. Liquidators 

K I vs. GR residents 

K2 vs. Liquidators 

K2 vs. GR residents 

Liquidators vs. GR residents 

• statistically significant at p<O,O I 
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p 

>0,6 

<0,00001 

<0,001 

<0,0005 

<0,005 

<0,005 



3.3. STUDY OF THE EFFECTS OF ANTIOXIDANT SUBSTANCES ON BYSTANDER 
FACTORS 

In previous studies (Mosse et al., 2006) we have shown that bystander effect when 
induced in vitro by transfer of culture medium from irradiated cells to non-irradiated 
could be decreased using radioprotectors with antioxidant activity (melanin, melatonin). 
In the present investigation we have studied the possibility of these substances to 
neutralize bystander factors, induced in vivo. 

Figure 2 presents the results of an attempt to modify the effects of blood serum 
samples from Chernobyl liquidators on metabolic activity of HPV-G cells using 
melanin and melatonin (average data). 
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Figure 2. Effects of melanin and melatonin on HPV-G cells treated with blood serum samples from Chernobyl 
liquidators (control is taken as 100%). 

As it can be seen from Figure 2, addition of melanin and melatonin to the medium 
together with serum samples from Chernobyl liquidators doesn't have any protective 
effect. The viability of cells treated with only serum samples (16.24±0. 73 x 103 FU) is 
almost the same as viability of cells treated with serum samples and melanin 
(15.21±1.13 xl03 FU) or melatonin (15.45±1.04 xl03 FU) - the difference is not 
significant (t=0.77 and t=0.62, respectively; p>0.05 in both cases). 

4. Discussion 

In similar studies on liquidators from Armenia (Emerit et al, 1994; 1995) it was shown 
that only 42% of liquidators had an increased level of clastogenic factors (chromosome 
aberrations) as compared to the level of spontaneous mutations. In our experiments 
I 00% of liquidators, 95% of PSRER workers and 82% of residents from contaminated 
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areas had an increased level of factors as compared to the control levels. A possible 
explanation of such difference could be the different protocols used in analysis. As 
mentioned above, HPV-G cells are much more sensitive to mutagenic factors as 
compared to peripheral blood lymphocytes. Another explanation could be that the 
cohort from Dr. Emerit studies (Emerit et al., 1994) included liquidators of 1986-1988. 
After 1987 the dose limits for people engaged in clean-up works significantly 
decreased. Therefore liquidators from 1986 expressed higher levels of damaging factors 
as compared to liquidators of 1987-1988. In the present study liquidators of the 
consequences of the Chernobyl accident in 1986-1987 were analyzed, which were the 
most affected group and received the highest doses of radiation (higher than 250 mGy). 

According to the results of the present study, bystander factors persist in the blood 
of Chernobyl liquidators for more than 20 years after the accident. In previous studies it 
was shown that irradiation of blood in vitro at a radiation dose of 500 mGy resulted in 
significant clastogenic activity and irradiated cells incubated in fresh culture medium 
continued to produce factors in culture as it was shown in studies (Emerit et al., 1994 ). 

Thereby, performed studies have shown that blood sera from population groups 
affected by the Chernobyl accident contain bystander factors, which are able to induce 
micronuclei and decrease metabolic activity of recipient cells. Pathological processes, 
such as acute virus infection, could significantly influence the level of bystander factors, 
increasing their damaging effect. The developed new method of evaluating of effects of 
damaging factors from blood sera has obvious advantages as compared to the assays 
which were used in previous studies (Emerit et al., 1994) and may be applied in long
term monitoring of biological consequences of irradiation. 

The results of the study of the mechanisms and nature of bystander factors 
circulating in blood stream of irradiated individuals make a major contribution in 
understanding non-direct effects of radiation in viva and allows obtaining of new data 
on intercellular communications. 
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SOME PROBLEMS OF RADIATION GENETIC EFFECT EVALUATION 
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Abstract. There are a lot of questions about genetic effects of ionizing radiation. The 
main one is does ionizing radiation induce mutations in human? There is no direct 
evidence that exposure of parents to radiation leads to excess heritable disease in 
offspring. What is the difference between human and other species in which radiation 
induced mutations are easily registered? During evolution germ cell selection ex vivo 
has been changed to a selection in vivo and we cannot observe such selection of 
radiation damaged cells in human. Low radiation doses - are they harmful or 
beneficial? The "hormesis" phenomenon as well as radioadaptive response proves 
positive effects of low radiation dose. Can analysis of chromosomal aberration rate in 
lymphocytes be used for dosimetry? Many uncontrolled factors may be responsible for 
significant mistakes of this method. Some other questions need answers too. 

Keywords: ionizing radiation, mutations in human, germ cell selection, low doses, hormesis, 
radioadaptive response, biodosimetry 

1. Does ionizing radiation induce mutations in human? 

Since we know that radiation can damage genes and chromosomes, we might expect 
that parental exposure to radiation would produce an increased incidence of inherited 
disease in the children of the exposed individuals. 

It has been known that chromosome aberrations occur more frequently in somatic 
cells of people who have been exposed to radiation either in the course of their work, or 
because they live in an area in which the level of background radiation is abnormally 

• To whom correspondence should be addressed: Prof. Irma B. Mosse, Laboratory of Human Genetics, 
Institute of Genetics and Cytology, NAS of Belarus, 27, Akademicheskaya Str., 200072, Minsk, Belarus. 
Tel.: +375 17 284-19-42; Fax: +375 17 284-19-17 

264 



high. Chromosome aberrations can be conveniently studied in lymphocytes. Aberrations 
are observed at dose equivalents of as low as a few tens of millisieverts. The biological 
and medical significance of such changes is not clear; there is an association between 
some types of chromosome aberration and some types of cancer and leukemia, but as 
yet no conclusive evidence that the chromosome damage actually causes the cancer. 

The analysis of mortality and morbidity among the children of irradiated parents has 
provided neither positive nor negative results on germline mutation induction by 
ionising radiation. Nowadays there are no proves of radiation induced mutation 
existence in human. 

Data on radiation hazards are regularly reviewed by two bodies - the United Nations 
Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) and the 
Committee on the Biological Effects of Ionizing Radiations (BEIR). In turn, the reports 
of UNSCEAR and BEIR are reviewed by the International Commission for 
Radiological Protection (ICRP) who makes recommendations for radiation protection. 
The most recent major recommendations of ICRP were published in 2007. There is such 
statement in this issue: 

"There continues to be no direct evidence that exposure of parents to radiation leads 
to excess heritable disease in offspring". The 2007 Recommendations of the 
International Commission on Radiological Protection. (ICRP, 2007) 

Data reviewed by the UNSCEAR and BEIR committees fall into three categories: 

The survivors of the Hiroshima and Nagasaki bombings 

Patients receiving radiotherapy 

People who were exposed to radiation in the course of their work - occupational 
exposure. 

1.1. THE SURVIVORS OF HIROSHIMA AND NAGASAKI 

The survivors of Hiroshima and Nagasaki are by far the largest of these three categories. 
A total of about I 00,000 people has now been followed up for more than forty years. 
The radiation doses reach up to about 5 Gy (500 rad), with an average dose of 0.27 Gy 
(27 rad). It should be noted that the doses are given in grays, because they were acute 
doses of low LET radiation. The radiation dose received by the survivors of Hiroshima 
and Nagasaki is thought to be due mostly to external gamma rays. 

The largest group of people exposed to radiation is the survivors of Hiroshima and 
Nagasaki. The incidence of congenital abnormalities, stillbirths and child deaths has 
been examined in about 70,000 pregnancies in the survivors, and compared with 
pregnancies in a control group of people who were not exposed to radiation (Schull et 
al., 198 I). There has been no difference detected in the incidence of congenital 
abnormalities or stillbirths; there has been a small increase in child deaths when both 
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parents were exposed to radiation, but it is not statistically significant, that is to say, it is 
a fluctuation which could have occurred by chance. 

The white blood cells of 4230 children born to survivors have been studied to see if 
there were more chromosome aberrations than in the control group of 2202 children 
whose parents were not exposed to radiation. The number of children with chromosome 
aberrations was slightly higher among the exposed than among the controls, but again 
the difference was not statistically significant. However, because the average age of 
people in chromosome analysis was 24 years, genetic abnormalities that had resulted in 
death would obviously not be included, and this may have decreased the difference 
between the two groups. 

No increase with parental dose and no effects of exposure on mortality and 
morbidity was registered. 

There is as yet no convincing evidence of increased genetic damage in the survivors 
of Hiroshima and Nagasaki. It could be that the doses were too high to show an effect, 
and that the dose-response curve "turns over" at high doses - in other words, genetic 
effects may appear only if the radiation doses are low enough for the cells to retain their 
normal reproductive capacity. Some genetic injuries may have been eliminated through 
miscarriage; more seriously, recessive mutations may not have appeared yet. 
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Figure 1. Congenital malformations, stillbirth 
& early mortality among the children of atomic 
bomb survivors of Hiroshima & Nagasaki 
(Otake et al., 1990) . 

1.2. PATIENTS TREATED WITH RADIOTHERAPY FOR VARIOUS NON-MALIGNANT 
CONDITION 

A small number of these patients subsequently developed cancer and it is possible to 
use these data to estimate radiation risks. The largest and most important group in this 
category is a group of 14,000 patients who were treated for ankylosing spondylitis, a 
disease causing stiffening of the spine. X-ray treatment of the spine was an effective 
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way of slowing this process, but was discontinued when it was realized that exposure of 
the bone marrow to radiation produced an increased risk of cancer. The average 
radiation dose to the bone marrow in a single course of treatment was 3.8 Gy (Lewis et 
al., 1988). Patients who received a single course of therapy have been followed up for 
an average of 24 years (Darby et al., 1987). The number of deaths from cancers other 
than leukemia was higher by 28% than in the general population of England and Wales, 
and leukemia deaths were three times as large as expected. 

Many other smaller groups medically exposed to radiation have been studied, 
including: infants who received X-ray therapy for enlarged thymus glands; young 
women receiving multiple tluoroscopies during treatment for tuberculosis; women 
given radiation treatment for mastitis (inflammation of the breasts); and patients who 
received Thorotrast (containing naturally radioactive thorium dioxide) which was used 
as a contrast agent (like barium) in diagnostic radiography. 

1.3. PEOPLE WHO WERE EXPOSED TO RADIATION IN THE COURSE OF THEIR 
WORK 

The most important groups within this category are miners, particularly uranium 
miners. Groups in Canada, the USA, Czechoslovakia and Sweden have been studied. 
Uranium miners breathe radon (a decay product of uranium) into their lungs. Radon and 
some of its decay products emit alpha particles which can cause lung cancer. A more 
detailed discussion of radon hazards is included in the Appendix. 

Another group in this third category consists of women who worked with 
luminous paint containing radium. These women have an increased incidence of 
bone or breast cancer (Baverstock et al., 1981; Rowland et al., 1983). 

There is the forth group of irradiated people: 

1.4. LIQUIDATORS OF THE CHERNOBYL ACCIDENT 

This group consists of about 320 OOO people, received 170 MSv in 1986 and 130 MSv in 
1987. Livshits et al., 2001, Kiuru et al., (2003) observed no minisatellit mutation 
increase in liquidator children. Sleboset et al. (2004) analyzed lymphocyte DNA and did 
not found any statistically proved increase of mutation level in children of irradiated 
fathers. 

1.5. SOME DIFFICULTIES 

It is important to note that most of the data referred to concerns exposure to low LET 
radiation; there is little information on high LET radiation effects in humans, apart from 
the uranium miners (where the radiation dose is largely due to inhaled radionuclides 
emitting alpha particles). It was originally thought that the Hiroshima survivors had 
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been exposed to a mixture of neutrons and gamma rays; however, a recent reassessment 
of the doses indicates that the neutron contribution to both Hiroshima and Nagasaki 
irradiation was quite low. 

Even though there seem to be plenty of data on low LET radiation, there are two 
major difficulties with many of these data. The first is the uncertainty associated with 

many of the radiation doses-in some cases we do not know precisely how much radiation 
was actually received. 

The second difficulty is that, with a few exceptions, nearly all the data concern 
exposures to doses of 200 mGy (0.2 Gy) or more - about ten times the radiation doses 
that would be classified as 'low level'. It is generally assumed that the line of excess 
cancer incidence versus dose (the dose- response curve) goes down to the origin of the 
graph, i.e. no matter how small the radiation dose, there is always some risk. But how 
do we extrapolate the graph down to the origin? Is it a straight line or a curve? - and if a 
curve, what sort of a curve? 

Indeed there are considerable statistical problems involved in estimating the 
radiation risks in human. The confidence intervals are very large - up to many times 
greater than the ICRP risk factor at the upper limit, and consistent with a negative factor 
at the lower limit. 

1.6. EVOLUTION DIRECTION 

So, no mutation incidence increase in offspring of irradiated people was registered. 
What are the causes of this? Methods of induced mutation analysis in human are not 
satisfactory and don't allow detection induced recessive mutations, but why wasn't 
dominant mutation growth registered? What is the difference between human and 
animals which easily demonstrate radiation induced dominant mutations? 

During evolution from plants to human the number of egg cells is decreasing as 
well as the number of progeny. Plants produce a lot of seeds, insects can lay hundred 
eggs per day, fish and frogs produce thousands spawns but only two of them will be 
adult organisms if the population is in a equilibrium state. So, a very intensive selection 
eliminates damaged germ cells. If s~me cells are changed due to irradiation we can 
observe these damaged cells before elimination because selection occurs ex vivo at the 
different ontogenesis stages. 

Small mammals have less egg cells and less progeny and human has a one-child 
pregnancy as a rule. Damaged human germ cells and zygotes are eliminated by a 
selection in vivo. Thus, the selection ex vivo has been changed to a selection in vivo. 

We can study easily dominant lethal mutations in insects at the egg-larva stages, we 
can analyze these type mutations in mice, but for this we have to kill them and we 
cannot observe such selection of radiation damaged cells in human in vivo. 

Maybe this is the main cause why mutation incidence increase in offspring of 
irradiated people was not registered. Besides nobody registered radiation induced 
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mutations in monkey, elephant and other mammals with one-child pregnancy -
obviously also due to the germ cell selection in vivo. 

This is only my attempt to explain why radiation induces mutations in human - it 
was not proved and this question still has no strict answer. 

2. Low radiation doses - are they harmful or beneficial? 

There is no direct evidence of negative influence of low radiation doses on heredity. All 
health human investigations in populations from regions with high radiation background 
have revealed no genetic effects and no harmful consequences for health and lifespan. 

There are a number of areas in the world where the radiation doses from background 
are substantially higher than the UK average. In some of these areas, studies have been 
carried out to see if the incidence of cancer or other diseases is higher than in a similar 
area with a lower background level of radiation. Here are some of the more interesting 
ones: 

2.1. During 1972-1975 in the Dong-anling and Tongyou areas of Guangdong 
province in China, a population of about 73,000 living in a high background area was 
compared with a control group of 77,000 people living in a nearby area where the 
background is lower. The control group received an average annual dose from external 
radiation of about 0. 7 mSv, and the study group about 2 mSv. Although the latter was 
the 'high background' group, the average dose was comparable with the average 
background level in the UK. There were no significant differences between the two 
groups in the incidence of cancer, hereditary diseases, congenital deformities or 
spontaneous abortions (High Background Research Group, 1980). 

2.2 There is an area of Kerala State, on the southwest coast of India, where there are 
deposits of the mineral monazite which contains thorium-232, uranium-238 and their 
decay products. As a result the population is exposed to an average external radiation 
dose of 4-5 mSv per year, that is, about two or three times the average total dose from 
background radiation in the UK. A group of about 70,000 individuals have been 
studied. There is some evidence of an increased incidence of chromosome aberration, 
and also some evidence of an increase in Down's Syndrome, although this is 
controversial (Kochupillai et al., 1976; Sundaram, 1977). The incidence of many other 
effects has been examined, including other cancers, congenital abnormalities, infant 
mortality and longevity, but no significant effects have been found; however, a group of 
the population which received more than 20 times the normal background radiation 
exposure had the lowest value of fertility index and the highest value of infant mortality 
(Hanson and Komarov, 1983). 

2.3. The third area of interest is in parts of the states of Iowa and Illinois in the USA, 
where there is a significant concentration of radium-226 in the drinking water (average 
activity 0. I 7 Bq per liter). These areas do show an increased incidence of bone and lung 
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cancer when compared with control populations from similar communities with a 
radium-226 concentration in water of less than 0.04 Bq per liter. However, the 
interpretation of these findings is not straightforward; for example, the death rate from 
bone cancer in Chicago, which has drinking water with a very low radium content, is 
higher than in the exposed population of Illinois and Iowa (Hanson and Komarov, 
1983). 

2.4. Knox et al. (1988) investigated the cancer death rates in childhood over Great 
Britain and related them to outdoor gamma radiation exposure levels. There was no 
simple relation between cancer rates and gamma radiation; for example, areas with the 
lowest gamma ray dose rates had the highest cancer rates. Several studies, including those 
of the populations in Kerala and China, show an increased incidence of chromosome 
aberrations when the background radiation level is higher, but the medical and 
biological significance of these changes is not clear (Pohl-Ruling and Fischer, 1983; 
Zufan and Luxin, 1986). 

With the possible exception of the Iowa and Illinois data, most of the studies on high 
background areas show to date no clear effect of radiation exposure on health. The 
common opinion, that the main cause for this is probably the relatively small sample 
sizes that have been studied and the many factors that affect the incidence of cancer. 

2.5. In the same time the "hormesis" phenomenon as well as radioadaptive response 
proves positive effects of low radiation dose. 

There are a lot of data about stimulating effects of low radiation doses (hormesis) 
Life is already accustomed to a low dose or dose rate of radiation, within the range 

of naturally occurring radiation. Radiation hormesis is explained, pointing out that 
beneficial effects are expected following a low dose or dose rate because protective 
responses against stresses are stimulated. 

Jerry M. Cuttler and Myron Pollycove (2009) suggest that it is necessary to examine 
the scientific evidence of health effects of nuclear radiation, because negative images 
and implications of health risks derived by unscientific extrapolations of harmful effects 
of high doses must be dispelled. 

Radon is a product of uranium radioactivity in the natural environment. A scientific 
test of the LNT model, as normally used, clearly disproved the LNT hypothesis .. Lung 
cancer mortality is lower in US counties where the radon concentration in homes is 
higher (Cohen, 1995 - figure 2). 
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Figure 2. Lung cancer mortality rates 
compared with mean home radon levels by 
U.S. county and comparison with linear model 
by BEIR IV (Cohen 1995) 

"Hormesis is an evolutionary conserved process characterized by nonlinear biphasic 
dose-response in which low doses of stressful activity stimulate adaptive responses that 
increase function and resistance of the cellular organism to stress, in contrast to 
inhibitory responses to high doses that decrease resistance and function" (Calabrese, 
2008a). 

Radiation hormesis involves non-linear, biphasic dose responses of prevention and 
repair to another stressful challenge: alteration of DNA and other molecules by ionizing 
radiation and by endogenous metabolic leakage of free oxygen radicals as reactive 
oxygen species. 

Epidemiologic studies of human populations in high background residential 
radiation or chronic intermittent occupational or medical radiation exposure 
demonstrate a positive hormetic response of decreased mortality and cancer mortality 
rates (Luckey 1980, 1991, Pollycove and Feinendegen, 2001 ). 

"Four decades of genomic, cellular, animal, and human data have shown that low
dose ionizing radiation stimulates positive genomic and cellular responses associated 
with effective cancer prevention and therapy and increased life span of mammals and 
humans. Nevertheless, this data is questioned because it seems to contradict the well 
demonstrated linear relation between ionizing radiation dose and damage to DNA 
without providing a clear mechanistic explanation of how low-dose radiation could 
produce such beneficial effects. This apparent contradiction is dispelled by current 
radiobiology that now includes DNA damage both from ionizing radiation and from 
endogenous metabolic free radicals, and coupled with the biological response to low
dose radiation" (Pollycove and Feinendegen, 2008). 

The above mentioned positive human response to chronic, increased DNA damage 
by low-dose radiation is achieved by increased stimulation of: cellular antioxidant 
prevention of DNA damage by free radicals, enzymatic repair of DNA damage, 
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immunologic destruction of DNA damaged cells by "killer" T lymphocytes (Liu, 2007), 
and self destruction (apoptosis) of DNA damaged cells. These studies and similar ones 
in mice, rats and dogs have led to successful clinical trials in patients (Pollycove and 
Feinendegen 2008). Acceptance of current radiobiology would facilitate additional, 
urgently needed clinical trials oflow-dose radiation (LDR) cancer therapy. 

American scientist Luckey ( 1991) also claimed that low radiation doses can be 
beneficial for health and recommended to use them in medicine 

The main proof of stimulating effects of low radiation doses is radioadaptive 
response in which a low priming dose protects cells or organism against a high second 
dose. This phenomenon is well-known and nobody has doubts in its existence. Adaptive 
response decreases effects of ionizing radiation approximately twice. Adaptive reaction 
can be induced by low radiation dose as well as by weak chemical mutagens and many 
other factors (Wolff, S. et al., 1988). This is strong evidence of positive action of low 
radiation doses. 

3. Biodosimetry or bioindication? 

The frequency of chromosome aberrations is used widely as a method of estimating past 
exposure to radiation. Indeed if we irradiate human lymphocytes in vitro (cultured cells) 
with different radiation doses we shall receive a good correlation between a 
chromosome aberration level and a radiation dose (Fig. 3) . 
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Figure 3. Dose-effect relationship for stable chromosome aberrations in human 
lymphocytes in vitro: x- radiation dose, y- aberration rate. (Melnov, S.B., 2002) 
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However there are many discrepancies when we analyze such a relationship in vivo. For 
example, if we compare doses, which were received by liquidators of Chernobyl 
accident in terms of physical dosimeter, and doses estimated with biodosimetry method, 
we reveal many contradictions. There are a lot of causes which change strongly the 
chromosome aberration level induced by irradiation in an individual organism. 

First of all humans have different radiosensitivity, which is a quantitative character 
and its distribution in a population corresponds to binomial curve.II/. According to this 
50% of the population have the mean values of radiosensitivity (x ± 0.67cr), 95% of 
individuals have the radiosensitivity values equal to x ± l.96cr and only 5% of the 
population are in the range of x ± l.96cr to x ± 3cr, with division into the supersensitive 
fraction (2.5%) and the superresistant one (also 2.5%). So radiosensitivity of a person 
can differ from the medium value in 2-3 sigma value (Ayala, 1987). 

It means that reaction of people on the same radiation dose is different because 
radiosensitivity as well as other quantitative characters are caused by interaction of 
many polymeric genes determining a number of physiological and biochemical 
organism features (Ayala, 1987). 

Genetic factors which influence radioresistance are as follows: 

• Repair system activity 

• Endogen radioprotectors and antimutagens 

• Protein synthesis rate 

• Amplification of Genes responsible for radioresistance 

• Genetic mobile element action 

• Adaptive response 

• Bystander effect 

• Hereditary diseases 

• and so on 

All these facts leaded to such conclusion: "Clearly, genetic predisposition is crucial and 
may even be more important than dose." (C.Mothersill, C Seymour, 2001). 

Besides, radiosensitivity depends to a great degree upon environmental factors. 
That's why many factors which are not under control can change significantly 
biological effects of radiation and thereby can be responsible for serious mistakes of 
biodosimetry. 

Environmental factors which influence radioresistance are as follows: 

• Diet 

• Physical activity 
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• Nervous-psychological state 

• Hormonal state 

• Drugs 

• Virus diseases 

• And so on 

3.1. INFLUENCE OF SOME FERTILIZERS AND HERBICIDES ON RADIOSENSITIVITY. 

Some of substances are present in our food - residual amounts of fertilizers or 
herbicides can be mutagenic or can influence mutagenic action of radiation. In the latter 
synergetic or antagonistic effects can be observed. 

We studied cytogenetic effects of such fertilizers as sodium nitrite and nitrate and 
herbicide zenkor in mice and human cells. Reciprocal translocations in germ cells of 
mice were cytologically analyzed in metaphase of spermatocytes by the method, which 
is a modified Ivens' method. Human cells were cultured according to a standard 
method, the cytological test included dicentric-ring-fragment analysis. 

Sodium nitrite and nitrate in concentrations of 10 and 100 mg/I respectively were 
added to drinking water for mice within 2,5; 5,0 and 7,5 months. It was found that these 
substances didn't possess mutagenic activity under such conditions. Acute or prolonged 
irradiation of treated mice with gamma-rays or neutrons 0,25; 0,5 and 5,0 Gy showed 
that NaN02 and NaN03 sensibilized significantly (2-4 times) cytogenetic action of 
ionizing radiation (fig.4). We have found the same effect in drosophila earlier. 

2S 

Nitrlte+R 

Figure 4. Influence of sodium nitrite and 
sodium nitrate on mutagenic action of 
radiation in mice germ cells. 

Cytogenetic effects of zenkor were found to be completely different. This herbicide 
being injected intraperitoneally or perorally to mice increases the translocation rate in 
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germ cells and being added to culture media for human cells shows a mutagenic effect 
too. Irradiation of treated mice and human cells results in decreasing aberration levels in 
contrast to nitrite and nitrate. Chronic influence of zenkor and gamma-rays leads to 
more strict "antagonistic" effect than acute one (Mosse et al., 1997, I 998). Such effect 
can be explained by increased death of cells treated with both mutagenic factors -
zenkor and irradiation. This explanation had been proved by our experiments with 
drosophila populations, in which combined action of these factors resulted in decreasing 
flies number. Thus different agricultural chemicals have different cytogenetic effects 
used in combination with irradiation. 

So, NaN02 and NaN03 have no mutagenic effect and increase significantly the 
radiation induced mutation level. Herbicide zenkor was shown to be a weak mutagenic 
substance and prevent adaptive response. Genetic interaction of zenkor and gamma rays 
is antagonistic - mutation rate after the combined influence of both factors is lower than 
the expected sum of mutation rates induced by each taken separately (Mosse et al., 
1997, 1998). 

3.2. INFLUENCE OF SOME RADIOPROTECTORS AND RADIOADAPTIVE RESPONSE 

In the same time many food stuffs contain radioprotectors or antimutagens. So, tea, 
coffee, cocoa, chocolate, mushrooms and others have melanin, which is very effective 
radioprotector not only against acute irradiation , but even against chronic one (Mosse 
et al., 1999, 2000, 2006). 

Thus, some chemicals can strongly influence results of biodosimetry. Some drugs, 
stress, virus diseases and so on can change biological effects of radiation too. 

Radioadaptive response is one of the most significant factors which can be 
responsible for incorrect radiation dose evaluation. 

We demonstrate an adaptive response in mice germ and bone marrow cells - rate of 
chromosome aberrations after 0,2 + 1,5 Gy was about half as much as after 1, 7 Gy 
irradiation. Melanin influence on adaptive response has been studied. Melanin injection 
2 hours before the first conditioning dose 0,2 Gy resulted in the same mutation level as 
before 1,7 Gy - adaptive response was not found. If melanin was applied between the 
first and the second doses both adaptive phenomenon and melanin protection led to 4-
fold decrease in aberration rate (fig.5). So, effective radioprotectors are able to prevent 
adaptive response by suppressing conditioning dose effect or sometimes to decrease 
genetic effect of radiation. 
All these uncontrolled factors may be responsible for significant mistakes of single 
radiation dose evaluation and the estimation of chronic radiation dose has much more 
problems. It is necessary to understand that biological methods show only a level of 
biological consequences of irradiation, but they do not allow estimation of exposed or 
absorbed radiation doses. That's why biological methods can be used for bioindication 
but not for biodosimetry. 
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Figure 5. Melanin influence 
on radioadaptive response in 
mice bone marrow cells 

It is necessary to take into account that these factors are averaged over a population. 
That's why biological methods can be used for population but not individual radiation 
dose estimation. 

4. Why did evolution preserve bystander effect? 

There are a lot of questions concerning radiation induced bystander effect - is this effect 
positive or negative? Why did evolution preserve this phenomenon if it is negative? 
What happens after irradiation - adaptive response or bystander effect or both these 
phenomena simultaneously? May be they arise sequentially - at first bystander effect 
increases a number of damaged cells in order to switch on protect reactions in organism 
and induce adaptive response which appears about four hours later? All these questions 
have no answers yet. 

5. Conclusion 

Research into radiation effects is a particularly difficult area because we have no 
enough data to confirm or disprove a theory. Limited evidence, which can be 
interpreted in a different way, always induces a controversy. There are number of 
uncertainties in estimating radiation risks. Clearly we need to keep in mind a lot of 
limitations and qualifications because there are so many data and interpretation of many 
studies is contradictory. What we have discussed in this paper demonstrates that in this 
subject there are no simple answers. 

276 



References 

Ayala, F.J., and Kiger, J., 1984, A Modern Genetics, V.3. Benjamin\Cummings Publishing Co., 33Sp. 
Baverstock, K.F., Papworth, D., and Vennart, J., 1981, Risks of Radiation at Low Dose Rates, Lancet. pp. 

430 - 433. 
Calabrese, E.J., 2008, Converging Concepts: Adaptive Response, Preconditioning, and the Yerkes-Dodson 

Law are Manifestations ofHormesis, Ageing Research Review. 7:8-20. 
Cohen, B.L., I 99S, Test of the Linear-No Threshold Theory of Radiation Carcinogenesis for Inhaled Radon 

Decay Products, Health Phys. 68: I S7-l 74. 
Cuttler, J.M., Pollycove M.et al., 2009, Nuclear Energy and Health, And the Benefits of Low-Dose 

Radiation Hormesis, American Council on Science and Health. 7(I):S1-89. 
Darby, S.C., Doll, R., Gill, S K., and Smith, P.G., 1987, Long term mortality after a single treatment course 

with X-rays in patients treated for ankylosing spondylitis, British Journal of Cancer. SS: 179-190. 
Hanson, G.P., and Komarov, E., 1983, Health effects in residents of the high background radiation regions. 

In: Biological effects of low-level radiation - Proceedings of a symposium held in Venice, 11-1 S April, 
1983. International atomic energy agency, Vienna, 1983. 

High background radiation research group, 1980, Health survey in high background radiation areas in 
China, Science. 209:877-880. 

ICRP, 2007, Publication. 103:S3. 
Kiuru et al.,2003 May, Hereditary minisatellite mutations among the offspring of Estonian Chernobyl 

cleanup workers. Radiat Res. I S9(S):6S l-6SS. 
Knox, E.G., Stewart, A.M., Gilman, E.A., and Kneale, G. W., 1988, Background radiation and childhood 

cancers, J. Radio!. Prot. 8:9-18. 
Kochupillai, N., Verma, !.C., Grewal, M.S., and Ramalingaswami, V., 1976, Down's syndrome and related 

abnormalities in an area of high background radiation in coastal Kerala, Nature. 262:60-61. 
Lewis, C.A., Smith, P.G., Sttatton, M., Darby, S.C., and Doll, R., 1988, Estimated radiation doses to 

different organs among patients treated for ankylosing spondylitis with a single course of X rays, 
British Journal of Radiology. 61 :212-220. 

Livshits, L.A. et al., 200 I, Children of Chernobyl clean up workers do not show elevated rates of mutations 
in minisatellite alleles, Radiat. Res. I SS:74-80. 

Luckey, T.D., 1980, Hormesis with Ionizing Radiation, CRC Press. 
Luckey, T.D., 1991, Radiation Hormesis, CRC Press. 
Melnov, S.B., 2002, Biological Dosimetry: Theoretical and Practical Aspects, Belarusian Committee: 

Children of Chernobyl, Minsk, p.191. 
Masse LB., Plotnicova S.I., Kostrova L.N., Subbot S.T., Dubovic B.V. 1997, Cytogenetic effects of some 

fertilizers and herbicides used separately and in combination with irradiation. Cytogenetics and Cell 
Genetics, 77 (I - 2):72-7S. 

Masse, LB., Plotnikova, S., and Kostrova, L.N., 1998, Genetic effects of combined action of herbicide 
zencor and radiation., Proc. of Conf. of MAB Natl. Committees of Europe and North America 
(EUROMAB VI), 16-20 Sept. 1997, Minsk, Belarus, UNESCO, Minsk, 1998, p. 18S-190 

Masse I., Plotnikova S., Kostrova L., Dubovic V., Molophei V. Melanin influence on chronic and 
fractionated irradiation in germ and somatic cells of mice II Hungarian Journal of Animal Production. 
1999. V.48. NI. P.14S-148. 

Masse, l.B., Kostrova, L.N., Subbot, S.T., Maksimenya, L, and Molophei, V.P., 2000, Melanin decreases 
clastogenic effects of ionizing radiation in human and mouse somatic cells and modifies the 
radioadaptive response, Radiation and Envir.Biophysics. 39( I ):47-S2. 

I.. Masse, P. Marozik, C. Seymour. C. Mothersill. 2006, Melanin influence on bystander effect in human 
keratinocytes. Mutation Research, .597 (1-2): 133-137 

277 



Mothersill, C., and Seymour, C., 2001, Relevance of radiation -induced bystander effects for environmental 
risk assessment, Radiat. Res. 155(6):759-67. 

Nuclear Energy and Health: And the Benefits of Low-Dose Radiation Hormesis, Dose Response, 2009. 
7(1): 52-89. 

Otake, et al., 1990, Radiat Res. 122:1-11. 
Pohl-Ruling, J., and Fisher, P., 1983, Chromosome aberrations in inhabitants of areas with elevated natural 

radioactivity. In: Radiation-induced chromosome damage in man, Alan Liss, New York, pp. 527-560. 
Pollycove, M., and Feinendegen, L.E., 2001, Biologic Responses to Low Doses of Ionizing Radiation: 

Detriment versus Horrnesis, Part 2: Dose Responses of Organisms, J Nucl Med. 42(9):26-37. 
Pollycove, M., and Feinendegen, L.E., 2008, Low-Dose Radioimmuno-Therapy of Cancer, Human Exp 

Toxicol. 27(2): 169-175. 
Liu, S-Z., 2007, Cancer Control Related to Stimulation of Immunity by Low-Dose Radiation, Dose

Response. 5:39-47. 
Rowland, R., Stehney, A.R, and Lucas, H.F., 1983, Dose-response relationships for radium-induced bone 

sarcomas, Health Physics. 44:315-319. 
Schull, W.J., Otake, M., and Neel, J.V., 1981, Genetic effects of the atomic bombs: a reappraisal Science. 

213: 1220-1227 . 
Sleboset et al., 2004 Apr 11, Mini-and microsatellite mutations in children from Chernobyl accident 

cleanup workers, Mutat Res. 559(1-2):143-51. 
Sundaram, K., 1977, Down's syndrome in Kerala, Nature. 267:728. 
Wolff, S., Afzal, V ., Wieneke, J.K. et al., 1988, Intern. J. Radiate.Biology. 56(1 ):39-48. 
Zufan, T., and Luxin, W., 1986, An epidemiological investigation of mutational diseases in the high 

background radiation area of Yangjiang, China, Journal of radiation research. 27: 141-150. 

278 



IMPLICATIONS FOR HUMAN AND ENVIRONMENTAL HEAL TH OF LOW 

DOSES OF RADIATION• 

MOTHERSILL CARMEL*, SEYMOUR COLIN 
Department of Medical Physics and Applied Radiation Sciences, 
McMaster University, LBS 4KJ, Hamilton, Ontario, Canada. 
E-mail: mothers@mcmaster. ea 

Abstract. Recent advances in our understanding of the mechanisms underlying the 
biological effects of low dose effects of ionizing radiation have revealed that similar 
mechanisms can be induced by chemicals in the environment. Therefore interactions 
between radiation and chemicals are likely and that the outcomes following mixed 
exposures to radiation and chemicals may not be predictable for human health, by 
consideration of single agent effects. Our understanding of the biological effects of low 
dose exposure has undergone a major paradigm shift. We now possess technologies 
which can detect very subtle changes in cells due to small exposures to radiation or 
other pollutants. We also understand much more now about cell communication, 
systems biology and the need to consider effects of low dose exposure at different 
hierarchical levels of organization from molecules up to and including ecosystems. We 
also understand at least in part, some of the mechanisms which drive low dose effects 
and which perpetuate these not only in the exposed organism but also in its progeny and 
even its kin. This means that previously held views about safe doses or lack of harmful 
effects cannot be sustained. ICRP and all national radiation and environmental 
protection organisations have always accepted a theoretical risk and have applied the 
precautionary principle and the LNT (linear-non-threshold) model which basically says 
that there is no safe dose of radiation. Therefore even in the absence of visible effects, 
exposure of people to radiation is strictly limited. This review will consider the history 
of the new discoveries and will focus on evidence for emergent effects after mixed 
exposures to combined stressors which include ionizing radiation. The implications for 
regulation of low dose exposures to protect human health and environmental security 
will be discussed . 
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1. Biology of "non-targeted" effects 

Within conventional radiobiology as accepted in the l 950's continuing through to the 
I 990's there was little consideration of epigenetic effects, because the traditional 
concept of radiobiology was based on target theory. 1•2 For an effect to occur, radiation 
had to hit a defined target within the cell, assumed to be DNA. Assumptions about the 
number of targets hit could then be made from measurements of dose and dose rate. 3•4 

The evolution of non-targeted effect (NTE) radiobiology meant that at low doses the 
previous assumptions needed to be reconsidered in the light of the existence of non
DNA mechanisms.5"7 The mechanisms underlying radiation effects are not constant with 
respect to dose and it would now be generally accepted that low dose effects are 
mechanistically different to high doses effects. This is not to say the mechanisms are 
necessarily mutually exclusive but it does mean that NTE's will contribute more to the 
overall outcome at low doses where targeted effects are small. Targeted effects will 
predominate at high doses and in situations where NTE's have been inhibited or 
otherwise prevented. In terms of the progression of radiobiological thinking in this 
field, disease caused by radiation no longer had to be exclusively genetically based, but 
radiation could promote or exacerbate systemic disease. This disease could have been 
caused for example by a chemical mutagen.8•10 Equally, the radiation could facilitate a 
non-mutation based inflammatory type disease. 11 •14 These concepts, although largely 
accepted theoretically by the radiobiology community, have been difficult to prove 
epidemiologically because of what are generally called "confounding variables" such as 
smoking, drinking, age, gender, or concurrent past or future exposures to the same or a 
different pollutant. 15' 16 These factors actually reflect the futility of trying to assign 
causation, as defined in epidemiology, to one agent when the doses are low! Others 
argue that radiation and many chemical "pollutants" might actually boost the immune 
system and be good. 11•19 The hormetic argument has many interesting applications but is 
unproven with regard to multiple pollutants. This adds to the confusion and controversy 
surrounding low dose exposures. The essential point is that there will be huge 
individual variation due to involvement of epigenetic and non-targeted factors in the 
response.20-22 At any one time we are as unique epigenetically as we are genetically. 
Epigenetic differences are linked to gender and lifestyle. In theory therefore a low dose 
of radiation could cause any number of effects ranging from beneficial to death
inducing disease depending on the context of the exposure and the interplay of factors 
such as cell communication, microenvironment, tissue infrastructure and a whole host 
of systemic variables which influence outcome from a cellular track of ionizing 
radiation.23"24 

2. Is radiation "just another stressor" or is it unique? 

Key developments leading to the current widespread acceptance of ionizing radiation as 
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"just another stressor" include: 

I. The development of sensitive techniques such as m-FISH, for detecting 
chromosomal abnormalities. 25-28 

2. Studies showing that delayed or persistent sub-optimal survival (reproductive 
death) could be seen in surviving progeny of irradiated cells. 29-32 

3. The emergence of genomic instability as a mechanism by which low doses of 
radiation could cause delayed or persistent damage to chromosomes.33-37 

4. The accumulation of knowledge of "bystander effects" whereby chromosome 
damage, death, DNA damage and various other consequences occur in cells 
receiving signals from cells irradiated with low doses of radiation. 38-43 

5. Criticism of the epidemiological research undertaken after the Hiroshima and 
Nagasaki bombs as ignoring the damage from residual radiation and fall out.44-45 

The NTE paradigm emerged initially as a result of re examination of firmly held 
beliefs and some odd results in the laboratory which did not fit the DNA paradigm. 
Proof of the new hypotheses required the techniques such as molecular imaging, M
FISH, and SKY as well as the development of tissue culture techniques for human 
normal tissues which permitted functional studies to be performed.46 Older studies 
tended to use high doses on a limited number of cell lines or highly inbred animal 
strains. These tended to thrive in the laboratory in the laboratory but were often 

. f . . h b d h h 47-49 unrepresentative o tissues m t e out re uman or non- uman. 

2.1. IMPORTANT CONSEQUENCE FOR RADIATION PROTECTION AND RISK 
ASSESSMENT OF NTE'S 

2.1.1. The concept of hierarchical levels 

Hierarchical levels stretch from the individual to smaller units (organs - tissues - cells -
organelles -genes ) and to bigger units - populations (multiple individuals/ single 
species) and ecosystems (multiple individuals and multiple species). Confusion in the 
low dose exposure field (both radiation and chemical) arise from lack of consideration 
of this concept. Most of the arguments about whether radiation is good or bad for you 
fail due to lack of consideration of the hierarchical level at which the effects occur and 
because most of the arguments are anthropocentric. For example cell death is seen as a 
bad effect but if it removes a potentially carcinogenic cell from the population of cells 
in a tissue it could prevent cancer starting and could be seen as good. Survival of cells 
is seen sometimes as desirable but if they survive with unrepaired or mis- repaired 
damage, they could facilitate development of a cancer. Similarly in non-human 
populations - death of radiosensitive individuals which cannot adapt to the changed 
(now radioactive and or chemically polluted) environment, could be good at the 
population level in evolutionary terms depending on the life stage and reproductive 
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status when the effects manifest, although death will be bad for the individual. It is only 
by considering responses in context, that any conclusions can be drawn about risk or 
harm. 

2.1.2. Spatio-temporal concepts 

There are two aspects to this - one is simply the age of the irradiated unit and the spatial 
deposition pattern of the ionizing energy. This concept is relevant across all hierarchical 
levels. Obvious considerations are the age or maturity of the cell, organ, life-form or 
ecosystem) receiving the track, the density of the energy deposition, the lifetime of the 
unit and its importance in the context of functionality of the higher hierarchical levels. 
Young units tend to be less stable and thus more vulnerable (or more adaptive?) than 
old or mature units because of their faster metabolic rate, higher rate of growth/cell 
division and at the ecosystem level, because of their less strongly developed 
interdependencies. There is also (usually), more redundancy in young units, for 
example there are more available individuals, better reproductive rates and better 
viability from young progenitors , whether cells or individuals. The other aspect is that 
the delayed effects of radiation and bystander effects mean that radiation effects are not 
fixed in time or space to the energy deposition along ionizing track. The effects can 
persist and manifest at distant points in time and space. These concepts are also 
discussed elsewhere. 8 9 

2.1.3. The importance of mixed exposure analysis 

Pollutants including radiation seldom occur in isolation. In fact most environmental 
radioactivity comes from radioisotopes which are chemical entities. This means that 
there is always a mixed exposure and that both the chemical and radioactive aspects 
need to be considered. Additive damage used to be an acceptable way to deal with 
mixed exposures (if any way were used!). The new field of non-targeted effects with 
the consequent realization that emergent properties can exist, which were not 
predictable from the individual agent dose response data, makes this no longer 
acceptable. The complexities of mixed pollutant scenarios call for a re-think of 
fundamental approaches to both epidemiological causation after low dose exposures to 
anything. They also question the need regulators have to regulate to a number (dose 
unit/exposure unit). Some of the issues concerning the latter position include the 
following: 

• How to ensure compliance if there is no "safe" or legal limit? 

• How to deal with multiple stressors especially if the interactions are not known 

• How to correct for dose rate/ time of exposure 
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• How to deal with mixed chronic and acute exposures 

• How to factor in possible adaptive, hormetic or antagonistic effects 

• How to regulate in pristine versus dirty environments 

The issues of legal causation are highly relevant to the former point but outside the 
scope of this review. Discussion of these issues can be found elsewhere.50-52 Ultimately, 
in order to resolve these issues, more data are needed for mixed exposure scenarios 
using relevant species. Systems biology approaches involving close interaction between 
experimental biologists and modelers are also required 

3. Data concerning low dose effects of mixed exposures 

There are very little data where low dose exposures to multiple stressors/mixed 
contaminants involving radiation and a chemical are investigated. The field was 
reviewed by Mothersill et al 53 in 2006. Recent interest in non-targeted effects probably 
means more attention will be paid to this area in future. Gowans et al54 have data 
showing chemical induction of genomic instability. Data from the authors' own and 
other laboratories shows that heavy metals singly or in combination can cause genomic 
instability. 55-67 Delayed death and chromosome aberrations in human cells following 
nickel, titanium or cadmium exposure have been reported.64-67 Similar effects have been 
reported in fish cell lines,58-63 and more recently in live fish exposed to very low doses 
of gamma radiation 4-75mGy over 48hrs in the presence of heavy metals at levels just 
above background.68'69 

Organic pesticides and detergents such as prochloras, nonoylphenol, nonoxynol and 
dichloroaniline have also been found to cause delayed lethal mutations in fish 
cells. 57,58,61 

Chromium and vanadium used in implants and dentures lead to a variety of genetic 
and reproductive delayed effects in vivo and to multiple endpoints associated with non
targeted effects in vitro. 64-67 

4. Implications for environmental protection and human health 

While many of the studies cited above are concerned with fish or in vitro cells rather 
than humans, the data show that non-targeted effects can be induced by low dose 
exposures to a number of environmental chemicals as well as ionizing radiation. This 
means that combined exposures to low doses of these agents cannot be regulated in 
isolation and that studies of potential mechanistic interactions are important. Radiation 
protection of humans could find use from the approaches which are being taken by the 
task groups within ICRP, IAEA and the US-DoE (see for example 70, 71) who have to 
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formulate policy to regulate exposure of non-human biota. Many of the issues involved 
such as dealing with non-cancer endpoints, mixed contaminants or chronic low dose 
exposure are real issues in human radiation protection. 

5. Summary thoughts and recommendations 

The challenge in the low dose exposure field is to tease out the "noise". Noise is the 
euphemistic term we use when the level of the disease which is un attributable to our 
favoured causative agent, is too high to prove causation formally in any strict scientific 
or legal sense. Perhaps we should accept that we cannot assign causation and instead 
view ionizing radiation as one among many agents which together contribute to cause 
disease. Before we can do this it is vital to understand the key mechanisms and in 
particular to find areas of mechanistic commonality suggesting common causation. 
Biomarkers may be useful to identify possible common mechanisms and to validate 
their relevance across different hierarchical levels. If this is achieved it should be 
possible to model links between effects at one level e.g. cellular or individual leading to 
harm and risk at higher levels - in this example the individual or the population. 
Biomarker studies do need to be interpreted cautiously however because they are often 
used as surrogates for risk when in fact they may merely be pointing to change in the 
system. Without the back-up modeling and multi-level analysis of their relevance they 
may lead to false conclusions and confusion about the true risk of an inducing agent. 

The problem of establishing causation following mixed exposures still exists as does 
the issue of what constitutes "harm". In the non-human biota field, there is great 
concern about doing more harm than good, if action levels are enforced which might 
require "remediation" of a habitat - i.e. removal of contaminated vegetation and soil. 
This could cause much more harm to the ecosystem than the original stressor. In the 
realm of human protection against low dose stressors, issues might include the ethics of 
genetic screening to identify sensitive sub-populations. If a sensitivity marker were 
available, who should be tested and when? Should diagnostic screening be forbidden to 
these individuals because of their possible sensitivity to low doses of radiation? There 
are also issues regarding lifestyle choices and risk benefit analysis at the biological 
level. Evolutionary adaptation leads to a fitter population (of cells, individuals) by 
eliminating the weak units but how is that population changed? In dealing with concepts 
of adaptation to environmental stressors where "nature" sorts things out in the optimal 
way, is "nature's way" to Nietzian for Man? 

It would be good to conclude this reflection with a "way forward" but as we are still 
in the very early stages of accepting that radiation doses effects at low doses are non-
1 inear, that multiple stressors impact the final outcome, and that what appears to be bad 
(or good) may be good (or bad)- it is perhaps best to recommend caution and 
consideration of these points rather than a great new regulatory framework! 
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Abstract. In recent years ecological impacts of ionizing radiation have emerged as an 
important research field. But there are still considerable knowledge-gaps regarding 
biological effects of chronic irradiation in wildlife, particularly for endpoints related to 
reproduction. Reproduction is considered to be one of the most sensitive radiation
associated endpoints, and determines not only the fate of the single organism, but may 
also influence population dynamics and the balance of higher ecological units. Based on 
their radioecological properties and their important role in the soil ecosystem, 
earthworms have been identified by ICRP as one of the reference animals and plants 
(RAPs) to be used in environmental radiation protection. This paper will present results 
of a series of studies carried out on the effects of ionising radiation on earthworms, 
covering long term-effects on reproduction, as well as studies on biological processes 
such as recovery, acclimatization and adaptive response, using a number of molecular 
biomarkers. The aim is to show how the studies can improve predictions of the way 
individuals and populations respond to chronic exposures of ionising radiation. 

Keywords: Environmental effects, ionising radiation, earthworm; reproduction, chronic exposure 

1. Introduction 

There are still considerable knowledge-gaps regarding biological effects of chronic 
irradiation in many wildlife species, particularly for endpoints related to reproduction 
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(Garnier-Laplace et al., 2008). In ecological risk assessment, impacts on populations of 
species are considered the most relevant for protection of ecosystems as a whole 
(Andersson et al., 2008; 2009). Since the reproduction capacity of adults and the sexual 
maturation rate of offspring are of great importance for population dynamics, it follows 
that information on the effects of chronic exposures on these endpoints is required 
(Stark et al., 2004: Alonzo et al., 2008). Based on their radioecological properties and 
their important role in the soil ecosystem, earthworms have been identified as one of the 
reference animals and plants (RAPs) by ICRP (2008), and they are also included as 
reference organisms in the framework for environmental risk assessment developed 
during the EU ERICA project (Beresford et al. 2007; Laarson , 2008). Invertebrates are 
generally known to be relatively radioresistant but as for most species, reproduction is 
known to be far more sensitive than mortality (UNSCEAR, 1996). After nuclear 
accidents the local radioactivity levels can be very high, but will show a rapid decline 
due to the disintegration of short-lived radionuclides, i.e, after the Chernobyl accident, 
approximately 80% of the accumulated doses were absorbed within three months of the 
accident (UNSCEAR, 1996). The long term effect of such high exposures on the 
population dynamics depends partly on whether the radiation induced damage is 
irreversible or if the organisms have the ability to recover after the exposure levels have 
declined. Mechanisms leading to acclimatization (physiological adjustments during the 
exposure history of individuals) or adaptation (inheritable traits acquired during the 
exposure history of the population), might also influence the long term effects of 
exposure. This paper summarises results from two studies. The main purpose of the first 
experiment (Hertel-Aas et al., 2007) was to establish dose (rate) response relationships 
for reproduction endpoints in the earthworm Eisenia fetida in two subsequently exposed 
generations (FO and F 1 ). In the second experiment worms were exposed at a high dose 
rate and the ability to recover after a complete radiation induced inhibition of the 
reproductive capacity were studied. 

2. Exposure details 

In both experiments the experimental set up was based on standardised OECD chemical 
ecotoxicology tests for earthworm reproduction (OECD, 2003). Briefly, ten worms 
were placed in each replicate container applied with 677 g moist artificial OECD soil 
(OECD, 2007), and moist horse manure was spread on the soil surface (1.5 g wet 
w/worm/week). The endpoints were assessed after defined exposure periods,after which 
the cocoons were transferred to small boxes, the soil replaced and hatchlings removed 
after registration. More details on the experimental set up and dosimetry can be found in 
Hertel-Aas et al. (2007). 
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2.1. DOSE-RESPONSE RELATIONSHIPS FOR CHRONIC EXPOSURE 

In the first study (Hertel-Aas et al., 2007), E. fetida was exposed to external 6°Co 
gamma irradiation during 2 generations (FO and FI). Adult FO reproduction capacity 
(i.e., number of cocoons produced, cocoon hatchability and number of FI hatchlings) in 
controls and at five absorbed dose rates (0.18, 1.7, 4, 11 and 43 mGy/h) was measured 
over a 13 week exposure period. Survival, growth and sexual maturation of FI 
hatchlings were examined for 11 weeks. F 1 adults were exposed for a further 13 weeks 
for registration ofreproduction capacity. 

2.2. RECOVERY 

In the second experiment, adult FO worms were exposed at 17 mGy/h for 1 O weeks. The 
dose rate and exposure time were chosen to achieve an accumulated dose, causing a 
complete inhibition of hatchability, based on results from the first experiment. 
Thereafter the worms were transferred to a climate chamber at 21± 0.5°C for 16 weeks. 

3. Results and Discussion 

3.1. DOSE-RESPONSE RELATIONSHIPS 

Accumulated doses are shown in Table I and impacts on reproduction endopints in Fig. 
I. 
There was no radiation-induced effect on the viability, growth, sexual maturation or 
cocoon production rates in FO or Fl. For FO, hatchability of cocoons produced during 
the first four weeks was reduced to 60% at 43 mGy/h (98% in controls), and none of the 
cocoons produced at 5 - I 3 weeks hatched. At 11 mGy/h a pronounced effect on cocoon 
hatchability was not observed until 9 - 13 weeks, when hatchability was reduced to 
25%. Also, the number of hatchlings per hatched cocoon was reduced at the two highest 
dose rates, and the total number of F 1 hatchlings per adult FO produced during the 13 
weeks exposure period was reduced to I 7% and 57% compared to the controls at 43 
mGy/h and I I mGy/h, respectively. The total number of FI hatchlings was reduced also 
at 4 mGy/h, but the effect was of borderline significance. At the end of adult FO 
exposure, dissection and microscopic examination revealed atrophic male reproductive 
organs in worms exposed at 43 mGy/h. For adult FI, the hatchability of cocoons 
produced at I I mGy/h was reduced to 45 - 69% during the 13-week exposure period, 
and the total number of F2 hatchlings produced per adult Fl was reduced to 37% 
compared to the controls. However, and in contrast to the results observed for FO, 
hatchability increased with time, suggesting a possible acclimatization or adaptation of 
the FI individuals. This finding might be confounded by the increase in temperature 
during some of the FI exposure periods (Fig.2). 
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Figure 1. Hatchability of 
cocoons produced during 
different exposure periods, 
shown as accumulated 
percentages 8 weeks after first 
counting. a) FO exposure, b) 
FI exposure. Means ± SD of 
replicates. 

Table 1 Dose rates and accumulated doses in FO and F 1 worms, are given as ranges due to the decay of""Co. Values are 
means± SD (including 15% uncertainty). 

Mean dose rate Accumulated dose (Gy) 

(mGy/h) FO FI 
Week4 Week 8 Week 11 Week 13 Week 16 Week 20 Week 24 

0.18-0.19 0.11±0.02 0.23±0.03 0.37±0.05 0.39±0.06 0.53±0.08 0.63±0.09 0.73±0.11 

1.7 - 1.8 I. I ± 0.2 2.2 ± 0.3 3.6 ± 0.5 3.7 ± 0.6 5.0 ± 0.8 6.1±0.9 7.0 ± I. I 

4.2 - 4.3 2.7 ± 0.4 5.4 ± 0.8 8.6 ± 1.3 9.0 ±I 12 ±2 15 ± 2 17 ± 3 

11.2 - 11.5 7.1±0.9 14± 2 23 ± 3 24±4 33 ± 5 39 ± 6 45 ± 7 

42.4 - 42.7 26 ± 4 53 ± 8 85 ± 13 
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3.2. RECOVERY 

Figure 2. The total number of FI 
hatchlings per adult FO, and F2 hatchlings 
per adult FI, produced during the 13 
weeks reproduction periods. External dose 
to controls was 0.2 µGy/h. Values are 
means ± SD for replicate boxes. Control: 
n = 12; 0.19-11mGy/h,n=4; 43 mGy/h, 
n = I. 

At 17 mGy/h, the hatchability of cocoons produced during week 7 and 8 was reduced to 
6%, at which time the dose absorbed by the adult worms had reached 20 ± 3 Gy. None 
of the cocoons produced during week 9 to 10 hatched (absorbed dose 25 ± 4 Gy) (Fig. 
3a). This was in good agreement with the results from the first experiment where there 
seemed to be a critical absorbed dose in FO of around 20 Gy. Also the number of 
hatchlings per hatched cocoon and the numbers of F 1 hatchlings produced per adult per 
week was significantly reduced during week 7-8 (Fig. 3b). At the end of the 10 week 
exposure period, the total number of Fl hatchlings produced per adult FO was reduced 
to 51 % compared to the controls. After transfer to the control area, none of the cocoons 
produced during the first 2 weeks by worms pre-exposed at 17 mGy/h area hatched, 
whereas after 3 to 4 weeks the hatchability increased slightly. A further increase was 
observed for cocoons produced during week 5 to 8, and during the next period the 
recovery seemed complete as the hatchability and the number of FI hatchlings produced 
per adult FO per week reached control levels. Furthermore, the number of F 1 produced 
per adult FO worm derived from the cocoons produced during week 13-16 was higher 
than for the controls. 

4. Conclusion 

In conclusion, the most sensitive endpoints examined in the current studies were the 
hatchability of cocoons and the number of hatchlings per cocoon. But relatively 
extensive exposure periods were needed for these effects to be expressed at lower dose 
rates. This illustrates the problems in extrapolating from acute to chronic studies, and 
the need for more ecologically relevant studies for understanding the potential impact 
of ionising radiation on non-human species. Short exposure times can lead to an 
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underestimation of the potential effects on such endpoints, and studies on reproduction 
in any species must be designed to avoid such errors. 
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Figure 3. a) Hatchability of cocoons 
produced during different periods, shown as 
accumulated percentages 8 weeks after first 
counting. b) Number of FI hatchlings 
produced per adult FO per week derived from 
cocoons produced during the same periods. 
Means ± SD for replicate boxes. Controls, n 

= 3; 17 mGy/h n=3. 

The likely mechanism behind the reduction in hatchability is that damage is induced 
in male germ cells (i.e spermatogenic cells) directly, and/or that damage accumulates in 
the testes or seminal vesicles resulting in reduced sperm production or infertile sperm. 
In the FO generation it appeared that inhibition of reproduction was related to a critical 
total accumulated dose of approximately 20 Gy. Although the lowest observed effect 
dose rates ( 4 mGy/h in FO and 11 mGy/h in FI) were relatively high, they are 
comparable to those that may occur after major nuclear accidents. While earthworms 
showed the ability to regain their reproductive capacity after a complete radiation 
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induced inhibition of cocoon hatchability, more studies are required to better understand 
the underlying mechanisms. 
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ASSOCIATION STUDY OF THE FREQUENCIES OF SPONTANEOUS AND 

INDUCED CHROMOSOME ABERRATIONS IN HUMAN LYMPHOCYTES"' 

LUYBOV SAL'NIKOVA, NASTASIA CHUMACHENKO, 

ALEXANDER RUBANOVICH• 
Vavilov Institute of General Genetics, Russian Academy of Sciences, 
Moscow 

Abstract. The data on the frequencies of chromosome aberrations in lymphocytes of 
peripheral blood of 97 volunteers depending on genotypes by genes of xenobiotics 
detoxication before and after y-irradiation with the dose of 1 Gy in vitro are presented. 
The frequencies of aberrations were estimated by analyzing not less than 500-1 OOO 
metaphases per person. The data of the cytogenetic analysis were compared with the 
results of PCR genotyping by the genes of xenobiotics detoxication (CYPl A 1, 
CYP2D6, GSTMl, GSTTl, GSTPl, COMT, NAT2), genes of DNA repair (XRCCl, 
XPD, ERCCl, APEXl, RAD23B, OGGl, ATM) as well as by the genes of oxidative 
response and cell cycle regulation (SOD2, CAT, GCLC, MTHFR, Tp53). The 
frequency of spontaneous aberrations of chromosome type was reduced for 
homozygotes by the deletion of GSTM 1 locus, especially for double homozygotes by 
the deletions of GSTM-GSTTl genes. The mentioned frequency increased additively 
with the number of copies of the minor allele variants XPD*2251 G and XPD*862A of 
gene of excision repair XPD (p = 0.025). The frequency of y-induced chromosome 
aberrations proved to be elevated for the carriers of a minor allele OGG 1 *977G (p = 

0.011). The significantly elevated number of y-induced chromosome aberrations was 
also observed for the carriers of major alleles XRCCl *G 1996 and XRCCl *C589 (p = 
0.002). The frequency of y-induced chromosome aberrations proved to be reduced for 
GIG homozygotes by a minor allele of poorly studied site CYPA 1T606G: 0.094 ± 0.006 
against 0.112 ± 0.002 for the carriers of allele T (p = 0.004). The results of meta
analysis of the data of 14 works on the effect of genotype by GSTM 1 locus on the 
frequency of cytogenetic anomalies in the control and exposed populations are 
discussed. 
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1. Introduction 

In this work, the results of our investigations (Sal'nikova, et al., 2009, 2010) aimed at 
the systematic search for genotypic associations of the radiosensitivity of human 
chromosomes are reviewed. These works are carried out using the bank of DNA of 
young healthy volunteers on the base of the previous thorough cytogenetic analysis of 
spontaneous and y-induced (I Gy in vitro) chromosome aberrations of blood 
lymphocytes. The existence of the DNA bank allows the recurrent control of new 
groups of polymorphic candidate genes for the presence of the association with the 
frequency and spectrum of chromosome aberrations. 

It is well known that the revealed dependence of the radiosensitivity on the 
polymorphism of candidate genes often is not confirmed in other works. In our opinion, 
this is to a great extent related to a low statistical stipulation of the corresponding 
association studies (the analysis of no more than I 00 metaphases per person for 
sampling of 20-60 donors). A distinctive feature of this work is the estimation of the 
frequencies of aberrations of chromosome type via scanning of many metaphase cells as 
well as a significant (for such studies) number of donors. 

By now we have performed the search of genetic markers of the radiation risk 
among the genes of xenobiotics detoxication (CYPJAJ, CYP2D6, GSTMJ, GSTTJ, 
GSTPJ, COMT, NAT2), genes of DNA repair (XRCCJ, XPD, ERCCJ, APEXJ, 
RAD23B, OGG 1, ATM) as well as genes of oxidative response and cell cycle regulation 
(SOD2, CAT, GCLC, MTHFR, Tp53). All loci studied were characteristic of the 
functional polymorphism associated with the change in activity and/or in the amount of 
the corresponding enzyme as well as of associations with different biological effects 
and diseases. 

2. Materials and Methods 

The correlations of the frequencies of spontaneous and induced chromosome 
aberrations were studied with the samples of peripheral blood taken from 115 young 
(20-25 years old) healthy males (students of the Military Technical University, 
Balashikha). The investigation was sanctioned by the Ethic Commissions of the 
Institute of General Genetics, RAS and the Military Technical University. 

The cytogenetic analysis was successfully carried out for 97 donors. Each sample of 
pure blood for the cytogenetic analysis was poured into two tubes: the first one was 
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exposed toy-irradiation (Co60, 1 Gy, dose rate of 1.37 Gy/min), and the second tube was 
used for analyzing the spontaneous chromosome aberrations. 

The preparations with metaphase cells for estimation of chromosome aberrations _ 
were obtained by the standard method (Sal'nikova, et al., 2009). 500 (for y-induced 
aberrations) or 1 OOO (for spontaneous aberrations) of metaphases of the first mitosis per 
person were analyzed. The differential assessment of aberrations of the chromosome 
type (di centric and ring chromosomes, acentrics, atypical monocentrics) and of 
chromatid type (single and isochromatid fragments and exchanges) was carried out. 

The genotyping was accomplished using the allele-specific tetraprimer PCR. The 
method allows the amplification of DNA fragments corresponding to the alternative 
alleles in one tube. The amplification products are separated via electrophoresis on an 
agarose gel without fluorescence labels. The studied polymorphic sites are listed in 
Table 1. In the case of deletion-insertion polymorphism (GSTMJ, GSTTJ) two 
genotypes were revealed: a "zero" one - homozygote by deletion (DID) and a 
"positive" one carrying a functional allele in the homo- or heterozygote state (I/*). From 
here on * is related to an arbitrary allele. 

The statistical analysis was carried out by the standard methods with a WinST AT 
2003.1 package integrated into Excel. All assessments of the group frequencies of 
aberrations were obtained as a result of the averaging of the individual frequencies for 
persons with the specific genotype. The corresponding errors reflected the intragroup 
variability of the frequencies of aberrations. For intergroup comparison, a 
nonparametric Mann-Whitney test was used. 

3. Results 

The frequencies of spontaneous and y-induced chromosome aberrations for the carriers 
of different genotypes are given in Table 1. The distributions of allele frequencies for all 
loci studied were conform to the Hardy-Weinberg equilibrium and did not differ from 
the data for the groups of the residents of the Central region of Russia examined 
previously. 

3.1. ASSOCIATION STUDIES OF SPONTANEOUS CHROMOSOME ABERRATIONS 

Genotype by GSTMJ locus had the most significant effect on the frequency of 
spontaneous chromosome aberrations. The frequencies of aberrations of the 
chromosome type for "positive" (I/*) and "zero" (DID) genotype had very different 
distributions (Fig. le). In particular, in 57% persons, which are homozygote by GSTMJ 
deletion, the cells with the aberrations of chromosome type were not found. For 
"positive" genotypes I/*, the corresponding index was equal to 27% (OR= 3.1; p = 
0.0095 by the precise Fischer criterion). However, the differences between the average 
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Table I. Average frequencies of spontaneous and induced aberrations per l 00 cells (±SE) for carriers of 

different genotypes. The cases of significant genotype differences are distinguished. 

Spontaneous aberrations 
Loci and genotypes 

Chromosome All # 
e aberrations aberrations 

CYPIAI Trr 40 0.26±0.04 0.94±0.09 42 

T606G TIG 41 0.25±0.05 0.87±0.12 43 

rs2606345 GIG 12 0.15±0.06 0.68±0.10 12 

CYPIAI Trr 81 0.24±0.03 0.90±0.08 84 12.4±0.3 

T3801C TIC 11 0.23±0.07 0.74±0.15 11 12.0±0.6 

rs4646903 CIC 0.35 0.47 2 8.9±2.9 9.8±3.4 

CYPIAI A/A 88 0.24±0.03 0.89±0.07 91 11 .0±0.2 12.3±0,3 
A4889G 

rsl048943 A/G 5 0.29±0.10 0.62±0.10 6 10.3±0.9 l l.7±1,l 

CYP2D6 Al 934G GIA 28 0.27±0.05 0.98±0.l l 28 l l.3±0.4 12.4±0.5 

rs3892097 GIG 65 0.23±0.04 0. 83±0.08 65 10.8±0.3 12.4±0.3 

DID 35 0.80±0.09 39 l l.2±0.4 12.3±0.4 
GSTMI 

II• 58 0.92±0.10 58 10.9±0.3 12.3±0.4 

DID 30 0.21±0.05 0.97±0.16 30 10.9±0.4 12.2±0.5 
GSITl 

I/• 62 0.26±0.04 0.84±0.07 67 11 .0±0.3 12.3±0.3 

A/A 47 0.24±0.04 0.83±0.08 48 10.8±0.4 12.0±0.4 
GSTPl A313G 

A/G 37 0.26±0.05 0.87±0.08 40 12.7±0.4 
rsl695 

11 .4±0.3 

GIG 9 0.17±0.l l 1.13±0.49 9 10.5±0.5 12.3±1.2 

A/A 23 0.28±0.07 0. 95±0.12 26 11.5±0.5 12.9±0.5 
COMT G1947A 

GIA 49 0.24±0,04 0, 80±0,07 50 10,9±0,3 12,1±0,3 
rs4680 

GIG 21 0.21±0.06 0. 97±0.22 21 10.6±0.5 12.1±0.7 

NAT2 A/A 5 0.37±0.16 0. 92±0.22 5 l l.6±1.1 12.6±1.2 

G590A GIA 36 0.26±0.05 0. 94±0.13 37 11.4±0.4 12.9±0.5 

rs1799930 GIG 52 0.22±0.04 0. 83±0.08 55 10.7±0.3 l l.8±0.3 

SOD2 CIC 27 0.22±0.05 0.82±0.10 28 10.7±0.4 l l.7±0.4 

C47T err 43 0.24±0.05 0.93±0.12 45 l l.3±0.4 12.7±0.4 

rs4880 Trr 23 0.26±0.05 0.84±0.10 24 I0.9±0.5 12.1±0.5 

CAT A/A 12 0.15±0.08 0.88±0.14 12 12.2±0.6 

T21A TIA 44 0.26±0.09 0.84±0.09 46 11.8±0.4 

rs7943316 Trr 37 0.25±0.05 0.92±0.13 39 12.9±0.5 

GCLC CIC 78 0.25±0.03 0.90±0.08 81 12.5±0.3 
C129T 

rsl 7883901 err 15 0.21±0.06 0.74±0.10 16 10.3±0.6 l l.4±0.7 

(continued) 
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(continued 

Spontaneous aberrations y- induced aberrations 

Loci and genotypes {l G~ in vitro} 

# 
Chromosome All 

# 
Chromosome type All 

t;n!e aberrations aberrations aberrations aberrations 

CIC 43 0.22±0.04 0.80±0.06 46 10.8±0.3 l l.9±0.4 
MTHFRC677T 

CIT 41 0.29±0.05 l.02±0.13 42 11.4±0.3 12.8±0.4 
rs1801 l33 

TIT 9 0.15±0.07 0.60±0.25 9 10.4±0.9 l l.8±1.0 

CIC 84 0.21±0.03 0.82±0.07 87 12.41±0.28 
XRCCl C589T 

CIT II 0.25±0.09 0.62±0.l l 11 l l.38±0.88 
rs1799782 

TIT 1 0.00 0.68 9.00 l 

XRCCl GIG 44 0.23±0.04 0.88±0.12 45 B~02±<t41 . 

Gl996A GIA 44 0.20±0.04 0.72±0.06 46 vfo:~;i:Q:34 . • · n -m±0:38 

rs 25487 NA 8 0.14±0.04 0.75±0.17 8 
:' .. ·:·: .. : . :<·~;' ·.~: :, 
:}0:07±0;56.T tLoS:o:n · 

XPD TIT 35 .0:14±0'°3 . 0~7 38 10.99±0.33 12.29±0.38 

T2251G TIG 44 0.23±0;04 44 11.04±0.34 12.28±0.44 

rs13181 GIG 17 0.29±0.01 · 0. 17 10.92±0.61 12.17±0.73 

XPD GIG 37 O.T.5±0:03 ·. 39 11 .02±0.35 12.35±0.46 

G862A GIA 43 0:22±0;04 44 11.04±0.33 12.27±0.38 

rsl799793 NA 16 0.3J±0,07 16 10.86±0.62 12.02±0.70 

ERCC1 GIG 77 0.23±0.03 0.83±0.07 80 1 l.12±0.25 12.39±0.31 

G262T GIT 17 0.14±0.03 0.67±0.10 17 10.50±0.53 11.67±0.60 

rs2298881 TIT 2 0.20±0.20 0.54±0.06 2 10.50±1.30 12.10±1.30 

ERCCl TIT 46 0.22±0.04 0.85±0.10 48 10.74±0.35 12.05±0.44 

T354C TIC 30 0.20±0.04 0.79±0.10 31 l l.60±0.29 12.80±0.38 

rsl 1615 CIC 20 0.20±0.05 0.67±0.09 20 10.70±0.51 11 .94±0.59 

TIT 35 0.24±0.05 0.77±0.06 35 10.90±0.40 12.09±0.45 
APEX! T444G 

0.72±0.08 11 .07±0.30 TIG 38 0.17±0.03 41 12.33±0.34 
rsl 130409 

GIG 23 0.23±0.05 0.94±0.20 23 11.03±0.53 12.42±0.73 

RAD238 CIC 75 0.20±0.03 0.82±0.07 78 11 .09±0.25 12.40±0.30 
C746T 

rsl805329 CIT 21 0.23±0.05 0.69±0.11 21 10.68±0.50 11.76±0.59 

CIC 63 0.19±0.03 0.77±0.09 65 12.03±0.33 
OGGl C977G 

CIG 27 0.24±0.05 0.81±0.08 28 12.33±0.53 
rsl052133 

GIG 6 0.23±0.10 0.95±0.12 6 14.43±0.74 

GIG 49 0.22±0.04 0.78±0.05 51 11 .00±0.31 12.11±0.34 
ATM 

GIA 46 0.20±0.04 0.79±0.11 47 11 .02±0.33 12.43±0.43 
G5557A rsl801516 

NA 0.10 l.60 10.40 l.80 

Tp53 GIG 57 0.21±0.04 0.85±0.09 59 11 .17±0.29 12.55±0.35 

G215C G/C 33 0.22±0.04 0.73±0.07 34 10.66±0.38 l l.75±0.45 

rsl042522 CIC 6 0.15±0.07 0.64±0.17 6 11.25±0.97 12.29±1.19 
The cases of significant genotype differences are distinguished 
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frequencies of the aberrations of chromosome type proved to be at the limit of 
significance: 0.0020 ± 0.0005 for homozygotes DID against 0.0027±0.0003 for I/* 
(p=0.049 by the Mann-Whitney test). 

An essentially reduced frequency of spontaneous aberrations of the chromosome 
type was observed in donors, which are double homozygotes by the deletions of 
GSTMJ-GSTTJ loci (11 persons). In this group, only 3 donors showed one aberration 
and 8 donors had no aberrations of the chromosome type. In double homozygotes by 
deletions, the differences in the average values comprise 0.0006 ± 0.0003 against 
0.0027 ± 0.0003 for the rest of genotypes (p = 0.018 by the Mann-Whitney test). 

The additive trend to an elevated frequency of aberrations of the chromosome type 
was observed in the carriers of minor alleles of gene XPD (excision repair of 
nucleotides - NER) in sites that were in linkage disequilibrium T2251G (Lys751Gln) 
and G862A (Asp312Asn). In this connection the regression analysis of the dependence 
of the frequency of chromosome aberrations on the total number of copies of minor 
allele variants XPD*225lG and XPD*862A was performed. Figure 2 shows the results 
of this analysis: the correlation coefficient for 96 observations r = 0.228 at p = 0.025. 
For group 4 (both sites are homozygote by minor alleles), the frequency of induced 
chromosome aberrations is significantly higher compared to group 0 (both sites are 
homozygote by major alleles): 0.0031±0.0017 against 0.0014±0.0003 atp=0.026 by the 
Mann-Whitney Test. The combinations with both major and minor homozygotes (i.e., 
2251G/G-862G/G or 2251T/T-862NA) were not found that results from a strong 
linkage disequilibrium of sites (D' = 0.772; p = 2-10-16). 

Thus, the regression analysis allowed one to reveal the significant additive effects of 
minor alleles in two sites of XP D gene as to the frequency of spontaneous aberrations of 
the chromosome type, with the maximum effect being achieved in the carriers of double 
minor homozygotes. The residual loci showed no significant associations with the 
frequency of chromosome aberrations at the given level of sampling. 

3.2. ASSOCIATION STUDIES OF INDUCED CHROMOSOME ABERRATIONS 

The frequency of aberrations induced by y-irradiation dose of 1 Gy in vitro was 
independent of genotype by GSTMI locus (Fig. ld), but proved to be reduced for 
homozygotes GIG by a minor allele of gene CYP IAI T606G: 0.094 ± 0.006 against 
0.112 ± 0.005 for the carriers of a major allele T (p = 0.004 by the Mann-Whitney test). 
The differences in the distributions of the frequencies of chromosome aberrations for 
these two genotypes are impressive (Fig. lf). For the frequencies of spontaneous 
chromosome aberrations, the analogous tendency proved to be insignificant (Fig. le). 

The significantly elevated level of induced aberrations of the chromosome type was 
revealed for homozygotes TIT by major allele of locus CAT T21A: 0.115 ± 0.004 
against 0.106 ± 0.003 for the carriers of a minor allele A (p = 0.0269 by the 
Mann-Whitney test). 
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The increase in the frequency of induced aberrations of the chromosome type was 
associated with major variants of two sites of excision repair gene of bases (BER) 

" (;STMI d 
40 - ----·-------------------------------- • DID 

• I/* 

20 

0 
60..--~~~~~~~~~~~-.-~~~~~~~~~~~~ 

0 
<0.00 0.001 0.003 0.005 >0.00 < 

-0.003 -0.005 -

Spontaneous chromosome 
aberrations frequency 

0,07 
5 

0,1 0,12 
5 

f 

>O.I 

y-induced chromosome 
aberrations frequency 

Figure I. Distributions of frequencies of spontaneous and y-induced aberrations of the chromosome type 
for all sampling (a, b) and for different genotypes by loci GSTMJ (c, d) and CYPJAJ T606G (e, t). In 
histograms (a, c, e), the extreme left group is composed uniquely of donors, in which spontaneous 
aberrations of the chromosome type were not found. 

XRCC 1: G 1996A (Arg399Gln) and C589T (Argl 94Trp ). In spite of the strong linkage 
disequilibrium (D' = 0. 998; p = 0.006), the statistically significant results were obtained 
for site G 1996A only. In this case a major variant of site XRCC J*G 1996 was associated 
with the elevated frequencies of chromosome aberrations: 0.115 ± 0.003 against 0.106 ± 
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0.003 for the carriers of minor allele XRCCJ* l 996A (p = 0.007). The analogous results 
were obtained for all types of aberrations: 0.0130 ± 0.004 against 0.116 ± 0.003 (p = 
0.006). For other site of the same gene C589T (Argl94Trp), the effects were of the 
same type, but the differences were not significant. 

0,002 ····················· ..... ······· ···:·········· ................... .. 

0,001 

0,000 ----,..---~--~-----
0 I 2 3 4 

Number of minor alleles in sites of gene XPD 

Figure 2. Frequency of spontaneous chromosome aberrations as a function of the total number of minor 
alleles in sites T225 I G and G862A of gene XP D. The average aberrations frequencies (±SE) for the carriers 
of 0, I, 2, 3, and 4 minor alleles are given. Class 4, for example, is composed of double homozygotes by 
minor alleles. 

Taking into account the obvious additivity of the observed effects, the regression 
analysis of the dependence of the aberration frequency on the total number of copies of 
minor allele variants in sites G l 996A and C589T was carried out (Fig. 2). The 
regression line is characteristic of correlation coefficient r = 0.303 at p = 0.002. The 
extreme groups (Fig. 4) differ significantly by the frequencies of induced aberrations of 
the chromosome type: 0.117 ± 0.003 against 0.095 ± 0.005 (p = 0.0008). 

Locus OGGl (BER) in site C977G (Ser326Cys) showed the association of a minor 
allele with increasing frequency of induced aberrations. The frequency of aberrations of 
the chromosome type for homozygotes by minor allele OGG 1 *977G comprised 0.130 ± 
0.006 against 0.109 ± 0.002 for the carriers of a major allele in homo- or heterozygote 
state (p = 0.011). For all aberrations, the corresponding differences were equal to 0.144 
± 0.007 against 0.121 ± 0.003 (p = 0.024). Most significant differences were observed 
for radiation-specific aberrations (dicentrics and centric rings): 0.074 ± 0.005 for 
homozygotes by minor allele OGGJ*977G against 0.058 ± 0.001 for the rest of 
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genotypes (p = 0.009 by the Mann-Whitney test). For the frequencies of spontaneous 
aberrations, the analogous tendencies were not significant. 

0,090 .... ............. ... . ... .......................... . ..... ... .......... .. . 

0,080 -r------....--------.-------i 
0 2 

Number of minor alleles in sites of gene XRCCJ 

Figure 3. Frequency of induced chromosome aberrations as a function of the total number of minor alleles 
in sites G 1996A and C589T of gene XRCC I. The average aberrations frequencies {±SE) for the carriers of 
0, I, and 2 minor alleles are given. No carriers of 3 and 4 minor alleles were found. 

4. Discussion 

By now 24 polymorphic sites functionally associated with the chromosome damage are 
used in our study of radiosensitivity. The found effects are listed schematically in Table 
2. 
While on the subject of general tendencies, the following observations should be noted. 

l) The association of the DNA polymorphism with the frequencies of cytogenetic 
damages is manifested to the greatest extent for aberrations of the chromosome 
type. In this case the significant associations of chromatide aberrations with the 
genetic polymorphism can be absent. 

2) The frequencies of induced in vitro and spontaneous chromosome aberrations are 
associated with different groups of polymorphic genes. 

3) The relative differences in the average levels of aberrations for the carriers of 
different genotypes are rather small: l 0-20% for y-induced aberrations 
(p=0.002+0.0l) and 30-50% for spontaneous aberrations of the chromosome 
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type (p = 0.02+0.04). The shifts and changes in the type of distributions of the 
aberrations frequency are seen to a much greater extent as the different genotypes 
are compared (Fig. I). 

Table 2. Associations of allele variants of polymorphic genes with the frequency of aberrations of the 
chromosome type in blood lymphocytes by the results of this work and previous publications. The upward 
arrow indicates an elevated level of aberrations for the carriers of the specific genotype. The braces indicate 
the combined action of allele related to different sites 

Spontaneous 
y- induced chromosome type 

Locus chromosome type 

aberrations 
aberrations (I Gy in vitro) 

XRCCJ G/Gl 

G1996A :Ji rs 25487 

XRCCJ 

C589T 

rsl 799782 
(p=0.002) 

XPD 

T2251G 
•/GJ } 

rsl3181 

'IA! i XPD 

G862A 

rs1799793 
(p=0.025) 

OGGJ 
G/Gt 

C977G 

rs1052133 
(p=0.011) 

CYPJAJ 
GIG! 

T606G 

rs2606345 
(p=0.005) 

GSTMJ 11•1 
Ins-Del (p=0.044) 

CAT 
T/Tl 

T21A 

rs7943316 
(p=0.017) 

4) The association of the DNA polymorphism with the frequencies of cytogenetic 
damages is manifested to the greatest extent for aberrations of the chromosome 
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type. In this case the significant associations of chromatide aberrations with the 
genetic polymorphism can be absent. 

5) The frequencies of induced in vitro and spontaneous chromosome aberrations are 
associated with different groups of polymorphic genes. 

6) The relative differences in the average levels of aberrations for the carriers of 
different genotypes are rather small: 10-20% for y-induced aberrations 
(p=0.002+0.0J) and 30-50% for spontaneous aberrations of the chromosome 
type (p = 0.02+0.04). The shifts and changes in the type of distributions of the 
aberrations frequency are seen to a much greater extent as the different genotypes 
are compared (Fig. I). 

7) The differences between genotypes are often manifested while considering the 
combined effects of several sites in linkage disequilibrium related to the same 
gene, for example, as correlations of the aberrations number with the total 
number of minor alleles in these sites. 

8) The elevated level of spontaneous chromosome aberrations is associated with the 
presence of minor allele variants (XPD, GSTMJ). In this case the elevated 
radiosensitivity under irradiation in vitro is often associated with the presence of 
more common (major) allele variants (XRCCJ, CAT, CYPJAJ). OGGJ, site 
C977G (Ser326Cys) was the unique gene, which showed the association of a 
minor rather than a maJor allele with the increasing frequency of induced 
aberrations. 

9) Many polymorphic sites, for which an essential association with the 
radiosensitivity was suggested, did not show significant tendencies in the 
association with the frequency of aberrations (for example, APEX, ATM, 
RAD23B, ERCCJ. Tp53). 

In conclusion, the results of meta-analysis of the dependence of chromosome 
aberrations on genotype by locus GSTMJ will be presented. The repeated attempts to 
find the association between the radiosensitivity and DNA polymorphism are related to 
this xenobiotics detoxication gene. It was suggested that the homozygotes by deletion 
(DID - "zero" genotypes) are more radiosensititve than the carriers of a functional allele 
(I/* - "positive" genotypes). However, even in the first works on this subject (Karahalil 
et al., 2002; Marcon et al., 2003), the contradictory results were obtained. 

For meta-analysis, the results of 11 studies of the control and/or exposed 
populations as well as the data of 3 works on the irradiation in vitro were chosen. Figure 
4 shows the forest plot for the frequency ratio (FR = p./p0), where p. and p0 are the 
frequencies of cytogenetic disorders (aberrations of chromosomes or micronuclei) in 
carriers of "positive" and "zero" genotypes, respectively. The above data demonstrate 
no significant heterogeneity. The proportion of variation attributable to the 
heterogeneity (Higgins-Thompson I2): I2 = I 0.6% (95%CI = 0.0+45.1 %). According to 
the fixed-effect model the average value FR (±SE) by overall data is equal to 1.03 ± 
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0.02 (95%CI = 0. 98+ 1.07). Thus, by overall data, significant differences of the average 
FR from unity are not observed (two-taled p = 0.11 for Z test). 

Overall 1,03±0,02 

da Silva, 2008 

da Silva. 2008 

Salnikova, 2010 

Salnikova, 2010 

Villarine, 2008 

Villarina. 2008 

Hernande?. 2006 

Iarmarcovai. 2006 

KarahaliL 2004 

Tuimala, 2004 

Tuimala. 2004 

Rossi. 2009 
Rossi. 2009 

Marcon. 2003 

Marcon. 2003 

Kirsch-Volders. 2006 

Kirsch-Volders. 2006 

Karahalil 2002 

Catalan. 

Chen.2010 

Chen, 2010 

Tan.2010 

0,0 0,5 1,0 1,5 2,0 

FR for GSTMJ (II* to DID) 

Figure 4. Meta-analysis of the data of 14 works (22 samplings) on the relationship of cytogenetic disorders 
in the carriers of different genotypes by gene GSTM 1. The average values (±SE) of the ratio of FR of 
cytogenetic effects for genotype I/• to the analogous value for DID are given. The point size is proportional 
to the sampling volume. 
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The best description of terrorism I have encountered is in this poem by Yeats, an Irish 
writer 

The second coming 

Turning and turning in the widening gyre 
The falcon cannot hear the falconer; 
Things fall apart; the centre cannot hold; 
Mere anarchy is loosed upon the world, 
The blood - dimmed tide is loosed, and everywhere 
The ceremony of innocence is drowned; 
The best lack all conviction, while the worst 
Are full of passionate intensity. 

-William Butler Yeats 

This paper is presented to examine certain radiological aspects of terrorism, and to 
demonstrate that the perception of any event, and the consequent reaction to that 
perception, is more important than the reality of the event. Radiation, as a terrorist 
weapon, has been considered for a number of years. A report from 1969 (classified for 
15 years) examined radiation sickness or death caused by surreptitious administration of 
ionizing radiation to an individual. It was initiated because of a suggestion that 
Alexander Dubcek, Czeckoslovak Communist Party Leader, had radiation sickness due 
to radiation exposure or consumption of radioisotopes during his August 1968 captivity 
in Moscow. 

This was not confirmed or denied by the report, which concluded that surreptitious 
administration of a lethal or sublethal dose to an individual was technically possible. It 
would however be technically difficult to achieve an immediately lethal dose, or for the 
subsequent illness to be undiagnosable, and at sub lethal doses the outcome would be 
uncertain. The final conclusion was "In view of the existence of other tried and true 
methods of political assassination, the use of ionizing radiation for this purpose would 

" Radiobiology and Environmental Security I Eds. C.Mothersill, V.Korogodina, C.Seymour. Springer, 2012. P.67-70 
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seem unnecessarily cumbersome unless the enemy were to expect some compelling 
advantage peculiar to the administration of radiation". A striking example of this was 
the recent poisoning of the Russian security agent Litvinenko with Polonium 2 I 0 which 
served as a graphic and very public demonstration of the misfortune that could befall 
dissenters. 

The object of terrorism is to strike terror into a general population, but the motives 
for terrorism may vary considerably. Simplistic terrorism, in historical terms, was 
primarily intended to cause regime change. Often the terrorism was an expression of 
alienation from the state apparatus of power, with disenfranchised intellectuals and 
middle classes giving some tacit support. 

The success of terrorism in it's primary objective, that of inducing a state of terror, 
means that it is useful to both revolutionaries, who wish to change the established order, 
and those who wish to consolidate power and enable more draconian powers for the 
existing government. There is also the possibility of a "third player" who may wish to 
manipulate events for financial or other reasons that may not be immediately obvious. 

In terms of striking terror into a general population, a "dirty bomb" that ensures 
widespread radiological contamination is obviously the weapon of choice, and is aided 
by the fear of radiation that pervades most of the population. The bomb would have 
minor health effects, but would cause major panic, disruption and chaos. The panic 
caused would depend on the objectivity or sensationalism of the reporting, and the level 
of trust in the population of the government. The style of reporting would also to some 
extent depend on the trust of the media of the government, and so the argument could 
be made that the effect of terrorism in this context could depend entirely on the trust of 
the population in their government and institutions. There is no doubt that trust in 
government has eroded considerably over recent years. Consider the following quote 
from Lord Denning, a senior English judge. 

Before his Lordship's court were the six men who had been convicted of the 
Birmingham pub bombings. They alleged that the West Midlands police had beaten 
them up, and were suing for damages. Denning realized that accepting the police had 
beaten them up meant accepting that the police had beaten false confessions out of 
them, which meant accepting that the police had framed innocent men for one of the 
worst IRA atrocities on the British mainland. 'This,' said Denning as he dismissed the 
case, 'is such an appalling vista that every sensible person in the land would say, "It 
cannot be right these actions should go any further."' 

This amount of trust in the police or security forces now seems quaint and 
anachronistic. In modern times it is almost accepted that security forces will disregard 
the law, and abuse it when it suits their purposes. 

It is also apparent that the extent of control over the media is important, and it is 
notable that most governments try to control at least certain aspects of communication, 
often under the cloak of "security." Control over the opinions of the media is important 
both prior to and after the terrorist event, as it allows a pre-determined response. An 
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example of this would be, "If a terrorist event occurs we will blame and retaliate against 
A even if we know A did not instigate or was involved in the terrorist event." The 
government can use the terrorist event to further its own policy objectives. Terrorism 
without objectives is anarchy. That is not to argue that the average person classified as a 
terrorist need necessarily be aware of the objectives, any more than a conventional 
soldier need know the plan of his generals. It does mean that in order to form a reasoned 
response the objectives have to be identified. This may change the question from "Who 
did this?" to "Who benefits from this?" 

Another issue that arises in the context of a radiological dispersion device is that it 
is clearly designed to panic a population. If the population is panicked it becomes more 
vulnerable to secondary attacks, and dealing with the secondary attacks become more 
problematic. It also becomes more vulnerable to an authoritarian style government. It 
would be a challenge for any government not to feel itself pushed towards a more 
authoritarian response, which may actually be a response that was anticipated and hoped 
for. Perhaps the only logical response to a terrorist incidence is to stabilize the situation 
(calm, prevent further casualties) and then assess the situation in depth. 

In terms of public policy it might be prudent to legislate in terms of hormetic 
models rather than linear (no threshold) models. The absolute certainty that any dose of 
X is harmful is not only scientifically wrong, it is unnecessarily alarmist. Everybody is 
aware that food is good, unless too much is eaten in which case it becomes bad. By not 
encouraging the same views for most substances, fear is encouraged because "any dose 
of radiation is harmful." As we become more regulated as societies, fear becomes a 
more pervasive weapon for governments to exercise control over the population. It 
could be argued that over-regulation itself leads to a fearful society, willing to take only 
sanctioned risks. If the society is fearful, any attacks designed to create fear will be 
more effective. It is ironic that in trying to control the population more closely the 
government both emulates and makes terrorism more effective. This quote from Neil 
Addison, Director of the Thomas More Legal Centre, eloquently supports this 
conclusion; 

"Whether it is fox hunting, smoking, adoption agencies or microchips in rubbish 
bins, we are a society that is increasingly intolerant, repressive, regulated and untrusting 
and, in consequence, we have officials who are dictatorial, interfering and 
untrustworthy." 

In this climate terrorism becomes more effective as a weapon. 
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JIETAJlhHOE .Lt;EMCTBME MOHM3MPYIOII.(MX M3JIYqEHMM, 

PA3JIMqAJOII.(MXCR no BEJIMqMHE JIMHEMHOM IlEPE)J;AqM 3HEPrMM 

(JIIl3), HA KJIETKM liAKTEPMM ESCHERICHIA COLi K12 PA3HOro 

PEilAPAQMOHHOrorEHOTMilA 

H.B. CHMOWIH°, H.11. MKPTlUIH, T.E.CE<l>EP51H, 
r.3. XAlJATP51H, I u.M. ABAK5IHJ 
EpeeaHCKUU <Pu3U'leCKUU J1Hcmumym UMeHu A. AJZuxaHRHa, yJZ. Epambe6 
AJZuxaHRH 2, EpeeaH 0036, ApMeHUR 

Abstract. The results of investigation of the biological efficiency of accelerated 
electrons with the energy of 7,5 MeV on their lethal action on the cells of Escherichia 
coli K-12 bacteria with the different reparation genotype are presented. The received 
results are discussed from the position of existing representations regarding the role of 
the balance of work of reparation enzymes in definition of distinctions in 
radiosensitivity of studied cells strains of bacteria to the action of an ionizing radiation 
of different quality. 

Kmo11esb1e cnosa: 3JieKTpOHbI, 6aKTepm1, BbDKHBaeMOCTb, penapauHOHHbIH reHoTwn. 

Bee.r.enue 

Ilpo6JieMa OTHOCHTeJibHOH 6HOJIOrHt:reCKOH 3<f><f>eKTHBHOCTH H3Jiyl.feHHH pa3H0f0 
Kal.feCTBa H 3aIIJ.HTbl opraHH3Ma OT HX nospe)f()J.aIOw.ero tJ,eHCTBHjj BCertJ,a 6bIJia 

• Aupec ,lln.11 KoppecnoH.lleHu1111: H.B. C11MOH.llH, EpesaHCKHH <l>11J11'1eCKHH HttcrnTyT HMeHH A. 
An11xatt.11Ha, yn. EpaTbeB An11xaH.11H 2, EpesaH 0036, ApMeHH.11 
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KJllOlfeBOH 3aAalfeH paAH06J.1ononrn. c HalfaJJOM KOCMHlfeCKOH 3pb1 3Ta 3aAalfa CTaJJa 

ew.e 6onee aKT)'aJJbHOH. 8 KOCMHlfeCKOM npocTpaHCTBe 6bIJJH o6Hapy)l(eHbt BbICOKHe 

ypoBHH A03 pa3JJH4HbIX THnOB HOHH3Hpy!OW.HX H3JJylfeHHH, xapaKTepH3YIOW.HeC.ll 

urnpOKHM 3ap.!lAOBbIM COCTaBOM OT 3JJeKTPOHOB H npoTOHOB AO .!lAep ypaHa, 

3HepreTHlfeCKHM AHanaJOHOM OT AeC.llTKOB 38 AO 1018-10 19 38 H cneKTPOM JJHHeHHOH 

nepeAalfH 3HeprHH (JID3), onpeAeJJ.11!01.1..{HM xapaKTep JJOKaJJbHOrO B03AeHCTBH.!l Ha 

KJieTKl1 11 TKaHH 6Ho06beKTOB, OT AeC.llTbIX AOJJeH K38/MKM AO 2 · 103 K381MKM [ 1]. 

8 ceKTope 611onornqecKHX 11ccneA0BaHHH 0115111 (r. ,lfy6Ha) 6bIJJH npoBeAeHbI 

MHoronnaHOBbie 3KCnepHMeHTbl no MOAeJJHpoaaHHIO pa.uHaUHOHHo-reHeTHlfeCKHX 

3cpcpeKTOB KOCMHlfeCKHX H3JJylfeHl1H Ha nylfKax ycKopeHHbIX T.!l)f(eJJblX 110HOB, 11 

Bbl.llCHeHHIO MexaHH3MOB, onpeAeJJ.lllOillHX pa3JJH4H.ll B 6HOJJOfHlfeCKOH 

3cpcpeKTl1BHOCTl1 H3JJylfeHl1H, pa3JJH4al01.l{HXC.!l no JID3, Ha KJJeTKH pa3Horo reHOTHna. 

CcpopMyn11poaaHb1 npeACTaBJJeHH.11 o TOM, lfTO 6HonornqecKa.11 3cpcpeKTHBHOCTb 

113JJylfeHl1H pa3Horo KalfeCTBa onpeAeJJ.lleTC.11 KaK cpH3HlfeCKHMH oco6eHHOCT.llMH 

M11KpopacnpeAeJJeHl1.ll 3HeprHH pa3HbIX THnOB H3JJylfeHHH B reHeTHlfeCKHX CTpyKTypax 

KJieTKl1, B pe3yJJbTaTe lfero 11HAYUHpyeTC.ll lIIHpOKHH cneKTP nepBHlfHblX nospe)l(JleHHH 

,[(HK, TaK 11 6110JJOrHlfeCKHM cpaKTOpOM, HanpaBJJeHHbIM Ha penapaUHIO 3THX 

nospe)l(JleHHH. CHH)l(eHHe penapauHoHuoii cnoco6uocTH KJJeToK c yseJJHlfeHHeM JID3, 

a COOTBeTCTBeHHO H 803pacTaHHe 6HOJJOrHlfeCKOH 3cpcpeKTHBHOCTH, B 3HalfHTeJJbHOH 

CTeneHl1 CB.113aHbl c HHAYKUHeH uepenapHpyeMblX npRMblX ABOHHbIX pa3pbIBOB ,[{HK, 

11rpa10W.HX BeAYillYIO poJJb B JJeTaJJbHOM AeHCTBHH nJJOTHOHOHH3HPYIOillHX H3JJylfeHHH 

[2-3]. 

3T11 11ccneAOBaH11.11 B 011.5111 6bm11 nposeAeHbI KaK Ha KJJeTKax HH31l1HX 11 BbIClllHX 

JyKap110T, TaK 11 npoKapHoT. MbI np11HHMan11 yqacTHe B 3KcnepHMeHTax 0115111, 

BbmonHeHHbIX Ha 6aKTepHanbHbIX KJJeTKax [ 4]. KaK nornqecKoe npoAOJJ)l(eHHe 

BbtllleyKaJaHHblX pa6oT HaMH 6bIJJO npoBeAeHO HCCJJeAOBaHHe 6HOJJOrHlfeCKOH 

3cpcpeKTHBHOCTH ycKopeHHblX 3JJeKTPOHOB no HX JJeTaJJbHOMY AeHCTBHIO Ha KJJeTKl1 

6aKTep11H Escherichia coli K-12 pa3Horo penapaUHOHHoro reHOTHna. 

8 pa6oTe 11cnoJJb30BaHbI cneAyJOW.He lllTaMMbI 6aKTepHii E. coli K-12, JJJ06e3HO 

npeAocrnaneHHbte HaM 8.H. 8ep6eHKO H3 KOJJJJeKUHH 01151<1> PAH: AHKHH THn A8 

1157 (thr-1 leu-6 pro A2 his-4 arg E3 lac YI gal K2 ara-14 xyl-5 mtl-1 tsx-33 str A31 

sup E37); y-pe3HCTeHTHbIH MYTaHT 8L 1114 (Garn' 444); pa.uHolfyBcTBHTeJJbHbIH 

MyTaHT A8 2463 (rec A 13-). 
8btpall.lHBaHHe 6aKTepHanbHbIX KYJJbT)'p npoBOAHJJH Ha nonHoueuuoii nHTaTeJJbHOH 

cpeAe YEP ( APO)l()l(eBOH 3KCTPaKT - I 0 r/n, nemou - I 0 r/n, HaTPHH xnopHCTbIH - I 0 

r/n, arap-arap - 20 r/n) 11JJH MDA (MRcua.11 BOAa, nemoH - I 0 r/n, HaTPHH xnopHCTbIH 

- 5 r/n, arap-arap - 20 r/n) AO CTaUHOHapHOH cpa3bt poem. Pa3BeAeHH.!l KJJeTOlfHOH 

cycneH31111 AJJ.11 KOHTpOJJbHblX 11 06ny4aeMbIX npo6 rOTOBHJJH B 0,85%-0M 

cp113110JJOrHlfeCKOM paCTBOpe c TaKHM paclfeTOM, 4T06bt B Ka)l(,UOH lfalllKe BbtpacTaJJO OT 

I 00 AO 300 KOJIOHl1H. 06nylfeHHe KJJeTOK 3JJeKTpOHaMH B MOHOCJJOe Ha noaepxHOCTH 

"roJJOAHoro arapa" npoBOAHJJH Ha MHKPOTPOHe MK-7,5 EpeaaHCKoro <l>H3HlfecKoro 
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YIHCTHT}'Ta. 3Hepnu1 3JleKTpOHOB - 7,5 M3B. 3Ha'lem1e JID3 - 0,3 K3BIMKM. 

MomHoCTb .LJ.03bl 25 fp/MHH. Pa.LJ.HaUHOHHbte xapaKTepHCTHKH 3JleKTPOHHoro ny'IKa 

onpe.LJ.emmH Ha ocHOBe "An International Codes of Practice" IAEA TRS 277 [5], c 

noMOUJ.blO 311eKTPOMeTPa UNIDOS (PTW, Freiburg, Germany) H HOHH3aUHOHHOH 

KaMepbl cpapMepoBCKoro THna 30001 c o6"heMOM KaMepbl 0,6 CM3, OTKaJJH6poBaHHHblX 

B SSDL IAEA. MomHOCTh .LJ.03bl onpe.LJ.emmH B B03.LJ.yxe c noMOUJ.blO KaMepb1 

cpapMepoBCKOro THna CHa6:>KeHHOH KOJlna'IKOM H3 nOJ1HMeTHJ1MeTaKpHnarn. 

PeHTreHOBCKHMH ny'laMH KJJeTKH 0611yqan11 Ha ycTaHOBKe PYD-200-20-5 

( HecpHJJbTposaHHoe 11311y'leH11e, Hanp.si:>KeHHe Ha Tpy6Ke - 200 KB, c1111a TO Ka - 14 MA, 

MOW.HOCTb .LJ.03hI - 30 fp/MHH). Cneu11anbHO nocTasneHHble 3KcnepHMeHThl noKa3anH, 

'ITO cnoco6 0611y'leHH.s! KJleTOK (B MOHOCJlOe Ha nosepxHOCTH "rOJlO.ll.HOro arapa" HJlH B 

cycneH3HH) He BJlH.s!Jl Ha BeJlH'IHHy pa.LJ.HO'IYBCTBHTeJlbHOCTH KJleTOK. 

B Ka'leCTBe HCTO'IHHKa a-qacTHU 11cno11h30BanH nnocKHH a-HCTO'IHHK 239Pu. 

MomHoCTb .LJ.03hl 22 fp/MHH. 06ny'leHHe npoBO.ll.HJlH B MOHocnoe Ha nosepxHocrn 

"ronO.LJ.Horo arapa". 

06ny'leHHe KJleTOK BCeMH THnaMH H3J1YlleHHH npOBO)J.HJlH npH KOMHaTHOH 

TeMneparype. BhI:>KHBaeMOCTh KJJeTOK onpe.LJ.en.111111 nO.LJ.C'leTOM MaKpoKonoHHH, 

sb1pacrnt0m11x Ha cpe.LJ.e YEP qepe3 24-48 qacos npH TeMneparype 37°C. Onb1Tb1 

nosTop.111111 3-5 pa3. CTaH.LJ.ap'rna.si ourn6Ka onpe.LJ.eneHH.si cpe.LJ.HHX 3Ha'leHHH 

Bbl)l(HBaeMOCTH KJleTOK, KaK npaBHJlO, He npeBbUIIana 5-10%. 

PeJyJibTaTbl H oocy~euue 

Ha p11cyHKe I npe.LJ.CTasneHbl pe3ynhTaTbl 3KcnepHMeHTOB no 0611y'leHHIO KJJeToK 

.LJ.HKoro THna, cyneppe3HCTeHTHoro H llYBCTBHTeJlbHOro MyTaHTOB E. coli 3JleKTpoHaMH 

c 3HeprneH 7,5 M3B. 

KaK MO:>KHO BH.LJ.eTh, y .LJ.aHHbIX rnTaMMOB 6aKTepHH pa.LJ.HO'IYBCTBHTeJJbHOCTb 

KJJeTOK, JHa'IHTeJlbHO pa311H'laeTc.si. B sapHaHTe onhna, KOr.LJ.a KJJeTKH .LJ.HKoro THna .LJ.O 

o6ny'leHHSI Bbl.LJ.ep:>KHBaJJHCb B cpH3HOJ10rH'leCKOM pacrnope B Te'leHHe .LJ.BYX 'laCOB npH 

KOMHaTHOH TeMneparype, pa.LJ.HO'IYBCTBHTeJlhHOCTb HX HeCKOJlbKO yseJJH'IHBaeTC.s!, HO 

pa311H'IH.s! 3Ha'leHHH llYBCTBHTeJlbHOCTH KJleTOK .LJ.HKOro THna H llYBCTBHTeJlbHOro 

MYTaHTa coxpaH.sit0Tc.si. 
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PHc. I. KpHei.1e BblJKHBaHH.R KJJeTOK 6aKTepHH E. 
coli K-12, 06ny11etttti.1x 3JJeKTpOHaMH: AB 1157 
- o6bl'!HbJe ycnoeH.11 06ny11eHH.R (I), AB 1157 -
2-x 11acoeoe Bbl,llCplKHBaHHe B <jJH3HOJJOrH'ICCKOM 
paCTeope (2), BL 1114 (3), AB 2463 (4). 

00 OCH a6CUHCC - .U03a 06JJy'ICHH.R, fp; no OCH 

op.nHHaT - BbllKHBaeMOCTb, %. 

Pattee ttaMH 6bIJIO noKa.3aHo, 'ITO y)l(e B 

nepBbie l.JaCbl BbI}J.ep)l(HBaHHSI KJleTOK 

6aKTepHH E. coli B TaK Ha.3bIBaeMbIX 

«HenHTaTeJibHbIX» cpe.n.ax, B 3aBHCHMOCTl1 

OT reHOT11na 11 11CXO}J.HOH KOHQeHTpaQ1111 

KJieTOK, MO)l(eT Ha6mo.n.aTbCSI KaK 

ysen111.Jett11e, TaK 11 yMeHbIUett11e 1.J11cna 

)1(113Hecnoco6ttbIX KJieToK [ 6]. 1-fcxo.n.si 113 

BbIIUeCKa3attttoro, .n.nsi yT01.JHett11si .n.attHbIX 

no MO.n.11cj>11KaQ1111 pa.n.1101.JyBCTBl1TeJibHOCTl1 

KJleTOK }J.11KOro Tl1na B ycJIOBl1SIX 

npe.n.pa.n.uaQ110HHOro BbI}J.ep)l(11BaHl1SI 11X B 

«Hen11TaTeJibHOH» 

tta6mo.n.ett11si no 

cpe.n.e, MbI nposen11 

perl1CTPaQHl1 lJl1CJia 

)1(113Hecnoco6HbIX KJieTOK .n.aHHOro 

IUTaMMa, BHeceHHbIX B cj>H3paCTBOp B 

pa3HbIX KOHQeHTPaQ11SIX (Ta6JI.1 ). 

T AliJUfl..(A I. lJHcno JKH3Hecnoco6tti.1x KJJCTOK E. coli K-12 .nHKOro THna npH ei.wepJKHBaHHH HX e 

<j>H3HOJJOfH'ICCKOM paCTeope B pa3HblX KOHUCHTPaUH.RX npH KOMHaTHOH TeMneparype 

BpeM.R HHKy6a- lJHcno JKH3Hecnoco6HblX KJJCTOK, KJJ/MJJ 

UHH, '!aCbl 

0 2,0·103± 0,21 3,0·104± 0,22 l,8·105± 0,12 4,2·106± 0,31 5,8·107± 0,23 

2 2,1·103± 0,11 3,2·104± 0,20 l,7·105± 0,21 4,3·106± 0,28 6,0·107± 0,30 
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KaK cJie)J.yeT H3 Ta6JIHl.(hI, B )J.aHHhIX ycJioam1x onhrra lfHCJio KJIOH006paJy10il.(HX 

KJieTOK )J.HKOfO THna He Mem1eTCR. 

KpHBbie BhDKHBaHHR BhIUieyKaJaHHhIX KJieTOK 6aKTepuH E. coli K-12 c pa3HhIM 

penapal.(HOHHbIM reHOTHTIOM npu o6Jiy'leHHH HX peHTreHOBCKHMH JiylfaMH H a
lfaCTHl.(aMH npHBe)J.eHhl Ha puc 2 " 3. 
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PHc. 2. KpHBbie BbDKHBaHHJI 
KJieTOK 6aKTepHH E. coli K-12 
IIITaMMOB AB 1157 ( 1 ), BL 
1114 (2), AB 2463 (3), 
o6rry'leHHbIX peHTreHOBCKHMH 
JIY'laMH. 

no OCH a6CUHCC - )l03a 
o6rry'leHHJI, fp; no OCH 
Op.llHHaT - BbllKHBaeMOCTb, %. 

PHc. 3. KpHBbie BbIJKHBaHHJI 
KJieTOK 6aKTepHH E. coli K-
12 1IITaMMOB AB 1157 (I), 
BL 1114 (2), AB 2463 (3), 
o6rry'leHHbIX a-'laCTHUaMH. 

no OCH a6CUHCC - )l03a 
o6rry'leHHJI, fp; no orn 
op)lHHaT - BbllKHBaeMOCTb, %. 

B Ta6JIHl.(e 2 )J.aHhI 3Ha'leHHR 0 0 KpHBhIX .ll.03a-3cpcpeKT KJieToK )J.HKOro rnna H 

penapal.(HOHHhIX MyTaHTOB, npe)J.CTaBJieHHhIX Ha pucyHKax 1-3. 
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T AEJU1U.A 2. 3Ha'leHHll D0 KpHBbIX BbilKHBaHHll KJleTOK 6rucrepHii E. coli K-12, 06ny11eHHbIX 

HOHH3HPYIOlllHMH H3JlY'leHHllMH pa3HOro THna. 

UlTaMM BH.ll HOHH3Hpymero MOlllHOCTb .ll03bl, JICT3, DO, fp 

HJJ1y11eHHll fp/MHH K38/MKM 

AB 1157 3neKTpOHbI 25 0,3 40±2,1 

PeHTreHoBcKoe HJny11. 30 2,5 44 ± 1,5 

Anb<f>a-11acrnub1 22 110 52,5 ± 0,9 

BL 1114 3neKTpOHbI 25 0,3 100 ± 6,2 

PeHTreHOBCKOe mny11. 30 2,5 115 ±5,6 

Anb<f>a-11acrnub1 22 110 77,7 ± 6,3 

AB 2463 3neKTpOHbI 25 0,3 12 ± 1,0 

PeHTreHoecKoe HJny11. 30 2,5 15,8 ± 1,0 

Anb<f>a-11aCTHUbI 22 110 50,4 ± 2,5 

I-fa Ta6JIHL(bl CJieJ].yeT, qTo HaH60JibIIIHe pa.3JIHqm1 B paJJ.HoqyscTBHTeJibHOCTl1 

KJieTOK pa.3Horo reHOTHna Ha6JIIOJJ.filOTC.ll npH o6nyqeHHH HX peHTreHOBCKHMH nyqaMH 

11 3JieKTPOHaM11. c ysenuqeHHeM JIIl3 H3JiyqeHHH, B )J.aHHOM cnyqae npH o6nyqeHHl1 

u-qaCTl1l.(aMH, 11MeeT MeCTO HHBeJIHposaHHe qyscTBHTeJibHOCTl1 scex HCilOJib30BaHHbIX 

s 3KcnepHMeHTe unaMMOB E.coli K-12. 
1-faseCTHO, qTo pernruoll{ylO poJib B JieTaJibHOM )J.eHCTBHH HJnyqeHHH Ha KJieTKH 

11rpa10T OJJ.HOHHTeBbie (OP) H ABYHHTeBbie pa.3pb1Bbl ()J;P) )];HK. Pa.3JIHqaJOT )].Ba THna 

)J;P )];HK: np.llMbie JJ.BYHHTeBbie pa.3pb1Bbl (Il)J;P) H 3H3HMaTnqeCKHe JJ.BOHHbJe pa.3pb1Bbl 

)];HK (3,ll;P), B03HHKfilOII.{He H3 nepeKpbIBfilOII.{HXC.11 6perneH npH pacqncTKe 

nospe)l(Jl.eH11H )];HK s pe3yJibTaTe JJ.eHCTBH.11 penapaLtHOHHbIX <f>epMeHTOB. PeanH3al.(H.11 

KaK OJJ.HOro 3,ll;P, TaK 11 Il)J;P )];HK s reHoMe KJieTOK E. coli K-12 JJ.HKoro THna H 

cyneppe311cTeHTHOro MYTaHTa npHBOJJ.HT K neTaJibHOMY ucxoJJ.y. BbIXOJJ. 3,ll;P )];HK 
reHeT11qecKH )J.eTepMHHHposaH H onpeJJ.eJI.lleTC.11 6anaHCOM ttyKJiea.3HOH H 

noJIHMepa.3HOH aKTHBHOCTH penapaLtHOHHbIX <f>epMeHTOB. Eonbrnag ycToiiqusocTb 

KJieTOK cyneppe3HCTeHTHOro MyTaHTa K H3JiyqeHH.llM c HH3KHMH 3HaqeHH.llMH JIIl3 

o6b.llCH.lleTC.ll nyqrneH KOOpJJ.HHal.(HeH pa60Tbl penapal.(HOHHblX <f>epMeHTOB, 

np11soJJ..11meii K yMeHbllleHHIO BbIXOJJ.a 3,ll;P )];HK. HH3Ka.11 paJJ.noycrniiqnsocTb 

llYBCTBl1TeJibHOro MyTaHTa CB.113aHa c TeM, l.JTO )].JI.II KJieTOK )J.aHHOro IllTaMMa 

ry611TeJibHa peanH3al.(H.ll He TOJibKO )J;P, HO, npenMymecrneHHO, H OP )];HK. C 
B03pacTaHl1eM JIIl3 H3JiyqeHHH BblXOJJ. 3,ll;P naJ].aeT, a Il)J;P pe3KO ysenuqusaeTC.11 H 

CTaHOBl1TC.ll npeo6JiaJ].alOII.lHM B cyMMapHOM BbIXOJ].e 3,ll;P H Il)J;P: B J].Hana.30He 

3HaqeHl1H BeJil1'111Hbl JIIl3 - 150-200 K3BIMKM npaKrnqecKl1 see )J;P .llBJI.lllOTC.11 Il)J;P 

)];HK. 
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TaKHM o6pa3oM, nocKOJibKY BbIXO.JJ. 3,D;P ,D;HK c B03pacTaHHeM Jin3 CHH)l(aeTcsi 
nponopu110HaJibHO yMeHbUieHHIO BbIXO.JJ.a OP, TO yMeHbUiaIOTCSI 11 pa3JJH'IHSI 
pa.JJ.HO'IYBCTBHTeJibHOCTH H3oreHHbIX MyTaHTOB E. coli K-12, 06ycnosneHHb1e 
reHernqecKHM .JJ.e$eKTOM B c11cTeMe penapau1111 KJJeToK O.JJ.Horo MYTaHTa (AB 2463), 
J1H6o, Hao6opoT, 3$$eKTHBHOH pa60TOH BOCCTaHOBHTeJibHblX CHCTeM KJleTOK .JJ.pyroro 
MYTaHTa (BL 1114). 

ABTOpbl Bblpa)l(aJOT rny60Ky10 6naro)l.apHOCTb M.JI. neTPOCSIHY H JI.A. 
ra6pH3JlSIHY 3a npe)l.OCTaBJieHHe B03MO)l(HOCTH, o6ecne'leHHSI yCJIOBHH H TeXHH'leCKOe 
co.JJ.eHcTBHe B npoBe.JJ.eHHH 3Kcnep11MeHTOB Ha MHKPOTPOHe MK-7,5, a TaK)l(e B.H. 
Bep6eHKO 3a npe.JJ.OCTaBJieHHe UITaMMOB E. Coli. 
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DIRECT AND REVERSE BYSTANDER EFFECT BETWEEN IRRADIATED 

AND UNIRRADIATED ORGANISMS: THE MODULATING ROLE OF 

CHEMOSIGNALLING IN ECOLOGY• 

B.P. SURINOV, V.G. ISAYEVA, A.N. SHARETSKY 
Medical Radiological Research Center of the Russian Academy of 
Medical Sciences, 249036 Obninsk, Kaluga Region, ul. Koroliova, 4, 
Russia 

Abstract. It was shown that mice or rats exposed to sublethal dose of ionizing radiation are 
able to decrease the immune reactivity of intact animals when them kept together in the 
same cage. Even one individual can cause such a disturbances of immunity in a group of 
intact animals. The data indicate that at early stage after exposure to sublethal doses of 
ionizing radiation mice secrete volatile components (VC) in urine which decreased thymus 
dependent humoral immune respose in intact animals (to 60-70% relative control). The 
stable effect observed as a result of one-day exposure allowed us to study the time course of 
secretion of immunosuppressive VC by irradiated animals. These VC possess attractive 
properties for the intact individuals. The irradiated mice showed an increased attractiveness 
to intact individuals. The biological significance of a combination of the 
immunosuppressive and attractive effects of VC is unclear. It is supposed, that mammals 
possess of the distant immunomodulating chemosiqnal system, directed for 
immunoreactivity of individuals with immunodeficiency state. 

It was established that VC of intact mice restored the humoral immune response and 
other parameters of immunity in irradiated with a dose of I Gy animals. In this case, the 
irradiated recipients demonstrated an increase of humoral immune response to 140-170%. 
These VC of intact mice activated at irradiation mice phagocytic activity peritoneal 
macrophages. Exposure of rats for the third day after irradiation (I Gy) to the VC of intact 
animals significantly increased the number of red blood cells, lymphocytes and granulocytes 
in the bloodstream. Thus, direct and reversae bystander chemosignaling between the 
irradiated and intact, irradiated and irradiated animals mediate the modification of immunity 
and behavioral reactions of recipients. Apparently these untargeted effects of radiation 
spreading from one individual to another can have a significant impact on the viability of 
the entire population of animals. 

Keywords: ionizing radiation; bystander effect; chemosignaling; immunity 

• Radiobiology and Environmental Security I Eds. C.Mothersill, V.Korogodina, C.Seymour. Springer, 2012. P.99-110 
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1. Introduction 

As established previously, exposure to ionizing radiation, stress, immunodepressants 
induced in laboratory animals excretion with urine absent in norm volatile components 
(VC). Exposure of these VC to intact conspecifics reduced their immuunoreactivity and 
the number of hemocytes (Surinov and Dukhova, 2004; Surinov, Isaeva and Dukhova, 
2005). It was found later that such excretions have the properties of chemosignals 
attracting intact animals. 

Combination of attractive and immunosuppressive properties inherent to VC was 
not explained in terms of biological feasibility a Jong time. In the published data has 
been reported only about the role of signaling in natural physiological conditions 
(Beauchamp and Yamazaki, 2003; Beauchamp and Yamazaki, 2003; Hurst and Beynon, 
2004), in particularly (Novikov, 1988), in dissartotive mating of animals relevant for the 
viability of offspring or for limitation contact of healthy and infected individuals 
(Moshkin et al., 2002; Penn and Potts, 1998; Kavaliers and Colwell, 1995). 

In the literature we are not found any information about chemosignalling induced 
by ionizing irradiation in animals with the exception of works of authors of this paper 
(Surinov and Dukhova, 2004; Surinov, Isaeva and Dukhova, 2005; Surinov, 2007; . 

Meanwhile the advantage of use of such damage as ionizing radiation allowed 
much deeper to explore the issue of chemocommunication in pathological state and 
detect a number of previously unknown facts. For example, it was found that the 
secretion of attractive or aversive chemosignals depended on the dose of ionizing 
radiation and period after radiation injury (Surinov, 2007). As result is the assumption 
that the attractive chemosignals induced by sublethal doses of radiation provide with a 
communication aimed at improving the viability of the animals, whereas the aversive 
signals appeared in terminal period after exposure to lethal doses of radiation, probably, 
like an infection, may play a role in limitation of propagation of pathology in the group 
of animals (Surinov, lsaeva and Karpova, 2008). 

This paper presents the results of further study the stimulating effect of urinary 
volatiles of irradiated and intact animals on the antibody forming capacity of individuals 
with reduced immune reactivity induced with sublethal dose (I Gy) of ionizing 
radiation, or on these parameters in animals immunized with thymus dependent antigen. 

2. Materials and Methods 

2.1. ANIMALS AND PROCEDURES 

Laboratory male mice of the inbred CBA strain and hybrids FI (CBA x C57Bl/6), 2-3 
months old (25-30g) where kept in standard plastic boxes by groups of 5-6 per box with 
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ad libidum food at room temperature (20-220 C) under a 14 light: 1 Oh dark cycle. (In 
certain experiments are used the Wistar rats. 

The whole-body irradiation of the animals was carried out with doses of 1 or 4 Gy 
using a 6°CO sourse with a dose-rate Of 3,2 mGy/sec on"Gamma-Cell-220" equipment 
(Atomic Energy Canada Limited, Canada). 

Donors urine volatile components (VC) were intact and irradiated with a dose 4 Gy 
individuals. 

To obtain urine samples at the bottom of the box was placed sheet of filter paper 
(bedding). Access to this bedding was limited by a performed screen elevated above the 
bottom at 0.5 cm. Paper bedding containing of absorbed 72hs urine of irradiated or 
intact mice were transfer for one day in box with radiation at a dose of 1 Gy recipients 
under the mesh screen. 

2.2. IMMUNOLOGICAL INVESTIGATIONS 

To study the influence VC in the development of the immune response papers with 
urine samples were placed in boxes to the immunized animals. In 24hs after exposure 
with bedding animals were injected intraperitonially with 0,2 ml of suspension of sheep 
red blood cells (SRBC) in dose 1 x 108 cell/mouse in medium 199. In 4 days mice were 
decapitated of under ester narcosis and determined the mass and cellularity of the 
spleen. The number of antibody forming cells (AFCs) in the spleen was determined by 
Cunningham method. In each of the studied groups was 5-7 individuals. 

2.3. PHAGOCYTOSIS 

Effect of VC on the phagocytic activity of peritoneal macrophages of mice-recipients 
was assessed by their ability to absorb latex particles of diameter 1.5 microns (firm 
DIA *M). Mice were decapitated under ether anesthesia. The suspension of 
macrophages obtained by washing the abdominal cavity 199 medium supplemented 
with 10% feta) calf serum. The reaction of phagocytosis set by mixing 1 ml of 
suspension of macrophages in a concentration 106 cells/ml with 1 ml of latex suspension 
at a concentration of 10 ul/ml. The mixture was incubated for 30 min at 3 7°C. Smears 
were fixed 30 min in 96% ethyl alcohol and dyed with Romanovsky-Giemsa. Counted 
the number of absorbed latex particles per phagocytic macrophage (phagocytic index). 

Experiments were reproduced at least three times. 
Statistic analysis of results we performed with use of Student's t-test. 
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3. Results and Discussion 

3.1. IMMUNOLOGICAL INVESTIGATIONS 

The ionizing radiation with I Gy causes suppresion of immune reactivity in mice. Thus, 
three days after irradiation of animals, significantly reduced spleen weight, cellularity 
and the number of AFC induced by challenge with SRBC (Table l ). As a result of 
exposure of these mice during the third day after irradiation to VC of intact syngeneic 
animals led to the fact that the spleen cellularity and the number of AFC significantly 
exceeded these parameters in the irradiated animals not exposed toVC. Almost the same 
effects were observed after exposure to VC of individuals irradiated with a dose of 4 
Gy. 

A similar effect of these VC in the recipient mice on day 7 after irradiation (l Gy) 
was also accompanied by a significant increase in the ability to the immune response to 
antigen (Table I). In this case, unlike the effect observed on day 3 after irradiation, 
change in spleen mass and cellularity not detected. 

We evaluated the immune response in mice irradiated with a dose of 1 Gy, at 
different times after their exposure to VC of intact or irradiated with Gy of individuals 
(Table 2). 

As a result of exposure of these mice to VC of intact animals during the third day 
after exposure to ionizing radiation the spleen cellularity and the number of AFC was 
significantly higher than these parameters in the group of irradiated mice which is not 
exposed VC. 
TABLE I. Immunological parameters (M±m) in irradiated lGy male mice FI (CBAxC57Bl6) after 
exposition tovolatile components (VC) of urine of intact mice in different time post irradiation periods 

Groups of 

animals 

Control 

Irradiated I Gy 

Irradiated 1 Gy + 
VC intact mice 

Irradiated I Gy 

Irradiated I Gy + 

VC intact mice 

Time after 

irradiation, days 

3 

7 

Note: in brackets - % to control 
* - significant different (p<0,05) from control; 
**-significant differences (p<0,05) from I Gy. 

Mass, Mg 

130±6.5 

(100±5.0) 

94.7±3.8* 

(72.8±2.9) 

82.8±2.5*· .. 

(63.7±1.9) 

110±3.8 

(84.6±2.9) 

105±5.2 

(80.8±4.0) 
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Spleen 

Numer of cells, Ix I 06 AFC, lxl03 

189±12.3 121±9.0 

(100±6.5) (100±7.4) 

137±8.4* 52±3.1 * 

(72.5±4.4) (42.9±2.6) 

134±14* 61.7±2.6*• •• 

(70.9±7.3) (50.9±2.2) 

164±14 50±2.2 

(86.8±7.4) ( 41.2± 1.8) 

145±13 66.2±2.4*· •• 

(77.2±6.3) (54.6±2.0) 



TABLE 2. Dynamics immunological parameters (M±m) in irradiated lGy male mice CBA after one-day 

exposition to volatile components (VC) of urine of intact or irradiated (4Gy) singenic mice in during the 

third day post irradiation period 

Groups of Time after Mass of spleen, Number of cells at AFC in spleen, 
animals exposition, days Mg spleen, lxl06 Jxl03 

101±2.3 80.0±7.1 104±2.9 
Irradiated 1 Gy 

(100±2.3) (100±8.9) (100±2.8) 

Irradiated !Gy + VC 83.6±4.3* 83.3±3.4 126±6.0* 

intact mice (82.8±4.3) (104±4.3) (121±5.8) 

Irradiated !Gy+ VC 86.0±3.3* 103±3.4* 125±15.0 

irradiation 4Gy mice (85.1±3.3) (129±4.3) (120±14.4) 

90.4±1.8 74.0±5.1 67.4±9.0 
Irradiated I Gy 

(100±2.0) (100±6.9) (100±13.4) 

Irradiated IGy + VC 83.4±5.2 84.0±9.8 96.7±6.0* 
3 

intact mice (92.3±5.8) (I 14±13.2) (143±8.9) 

Irradiated lGy+ VC 99.0±4.0 82.0±12.4 113±6.8* 

irradiation 4Gy mice (110±4.4) (111±16.8) (168±10.0) 

83.4±2.7 90.0±3.2 85.0±6.7 
Irradiated I Gy 

(100±3.3) (100±3.5) (100±7.9) 

Irradiated IGy + VC 102±2.8* 116±17.5 183±4.5* 
7 

intact mice (122±3.4) (129±19.4) (215±5.3) 

Irradiated IGy+ VC 115±3.8* 104±5.1* 195±10.4* 

irradiation 4Gy mice (138±4.6) (115±5.6) (229±12.2) 

Note: in brackets - % to irradiated mice; • - significant differences (p<0,05) from irradiated I Gy. 

Within 3 days after exposure to VC of irradiated with I Gy mice, showed a 
significant, approximately 1.5-fold, increasing of the number of AFC in the spleen. 

In more remote periods, within 7 days after exposure, effects of VC on irradiated 
mice increased - the spleen cellularity and the number of AFC in was more than 2 times 
higher than that in animals not exposed to VC. 

During this observation period is also increased as the mass and cellularity of the 
spleen, especially after exposure to VC produced by mice irradiated with 4 Gy. 

Therefore, the single exposure of the irradiated with I Gy mice to VC of of intact or 
irradiated (4 Gy) was accompanied by stimulation of the immunity. The effect not only 
on long-preserved, but strengthened over time. 

The above data rather differ from previously described ones with respect to the 
impact of a single exposure with the same VC, but at different times after irradiation of 
the mice with a dose of 1 Gy. 

In this case, stimulation of humoral immunity in the irradiated with the same dose 
of mice was less pronounced. 
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This confirms the above data relating to the development of immunopotentiating 
effect in the cours of time after exposure of irradiated animals to VC. 

These data are in fact the opposite to results obtained in the process of studying of 
the immune reactivity of intact mice exposed to VC produced by mice after exposure to 
4 Gy. In the latter case, there was inhibition of humoral immunity, which lasted more 
than three days. 

In one series of experiments were simultaneously evaluated the impact of VC 
produced by male mice-CBA after exposure to radiation with 4 Gy (3 days), on intact 
animals and irradiated with 1 Gy. 

It was found that as a result of exposure of VC with intact or subjected to radiation 
with 1 Gy mice, there was a decrease or increase the number of AFC in the spleen up to 
62.0 ±5.6% (p <0.05) and up to 95.6 ±17.5%, respectively. 

In irradiated at a dose of 1 Gy mice not exposed to VC the number of AFC in the 
spleen was 58.3± 1.9% (p <0.05) compared with the intact animals (I 00± 2.6% ). 

Therefore, postradiation VC have different directions in the action depending on the 
state of recipients. It should be emphasized that the described here immunostimulatory 
effect was revealed at relatively weakly expressed immunodeficiency, as in this case at 
deficiency caused by irradiation with a dose of l Gy. 

Similar experiments, but with mice irradiated with a dose of 4 Gy, resulted in 
irregular results and in case of exposure to animals with 6 Gy immunostimulatory effect 
was not found. 

Ability of chemosignals produced intact mice to increase the immune reactivity of 
irradiated animals also demonstrated on a model which has previously been used to 
confirm the immunosuppressive effect of irradiated mice to intact when the irradiated 
and intact animals in equal proportions contained in one box. 

Assessment of the capacity to antibody genesis of the irradiated with a dose of 2 Gy 
male mice (I 0 animals in each group) contained during the two weeks together with 
intact animals showed that the number of AFC in the spleen in 1,4 times (P <0,05) 
higher than that of in only irradiated mice kept separately (table 4). 

Immunostimulatory effect observed under the combined housing in one box intact 
mice with individuals irradiated at a higher dose ( 4 Gy) was unstable and not 
reproduced in all series of experiments. 

The presence in urine of of chemosignals recovering under certain conditions 
relatively not too deep post-radiation damage was confirmed by experiments with rats 
in which investigated the number of formed elements in peripheral blood after exposure 
to the VC (Table 5). Exposure of irradiated (I Gy) of rats during the third day of post
radiation period to VC of intact or irradiated animals caused quantitative changes in the 
cellular composition of blood. 

Thus, three days after irradiation (lGy) the number of red blood cells in rats was 
7,75 ± 0,24 lxl0 12/liter. Exposure of such animals with the components of irradiated or 
intact rats increased in recipients compared to 1.2 times. 
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Thus, three days after irradiation (I Gy) the number of red blood cells in rats was 
7,75 ± 0,24 lxl012/liter. Exposure of such animals with the components of irradiated or 
intact rats increased in recipients compared to 1.2 times. 

Influence VC of the intact or irradiated (4Gy) animals on the intact ore the irradiated 
(I Gy) rats also resulted in increase of the absolute number of blood lymphocytes and 
polymorphonuclear leukocytes, respectively, 1,7 and 1,9 times (Table 3). 

TABLE 3. Cell structure ofperiferalnblood (M±m) irradiated in the dose I Gy (3 day) rat Wistar after 

exposition to VC intact or irradiated (4Gy) animals 

Groups of animals 
Erythrocytes, 
Ix I 0 12/1 

Leucocytes, 
lx109/I 

Lymphocytes, 
lxl09/I 

Neurophiles , 
lx109/I 

7.75±0.24 10.7±1.4 3.2±0.27 2.4±0.45 
Irradiated 

(100±3. I) (100±13.0) (I 00±8.4) (100±18.8) 

Irradiated+ VC 9.65±0.24• 14.1±1.5 5.5±0.87• 4.54±0.61• 

intact rat (123±3.1) (132±14.0) (172±27.0) (189±25.4) 

Irradiated + VC 9.4±0.48• 9.8±0.7 3.4±0.3 2.8±0.18 

irradiated rat (121±6.2) (91.6±6.5) (106±9.4) (117±7.5) 

Note: • - significant differences (p<0,05) from groups irradiated rat not exposition exposition with VC. 

TABLE 4. Immunological parameters (M±m, in brackets - % to control) in irradiated (I Gy) male mice 

CBA after co- contents during the third day with intact male 

Groups of 
Spleen 

animals Mass, Mg 
Numer of cells, 

AFC, lxl03 
lxl06 

113±5.6 106±6.8 182±8.3 
Intact 

(100±5.0) (100±6.4) (100±4.6) 

76.6±3.8• 72.0±2.0• 141±19.3 
IGy 

(67.8±3.4) (67.9±1.9) (77.5± I 0.6) 

86.4±3.8• 108±8.6 .. 228±32.4 .. 
I Gy + intact male 

(76.5±3.4) (102±8.1) (125±17.8) 

Note: in brackets - % to intact control; • - significant differences (p<0,05) ascompared with intact animals; 

•• - significant differences (p<0,05) ascompared with irradiating animals. 

TABLE 5. Immunological parameters (M±m, in brackets - % to control) in intact male mice CBA after co-

contents during the third day with irradiated male 

Mass of spleen, Mg 
Numer of cells at AFC in spleen, 

Version experiment 
spleen, Ix 106 lxl03 

Control - content wish intact 104±1,7 132±9,0 90,1±4,9 

individual (100±2, I) (100+7,I) (100±11,2) 

Experiment - content wish 95,3±2,1 107±6,4 74,1±4,6 

irradiated individual (92,1±2,0) (81,1±5,0) (82,8±6,0)• 

Note: in brackets - % to irradiated mice; • - significant differences (p<0,05) from control. 
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Among the findings of particular interest is the fact that the immunostimulatory 
effect on irradiated mice is intrinsic not only VC that are contained in the urine of mice, 
but also the intact individuals themselves. It was found that the presence even one intact 
male-mouse in the group of irradiated mice (I Gy within three days) increased their 
immune reactivity (Table 4), and presence in group of intact animals only one irradiated 
male depressed their immune reactivity (Table 5) Hence, it is probably of VC produced 
by one animal is sufficient to demonstrate their chemosignal properties aimed at 
mobilizing the immune system. · 

In one series of experiments studied the effect of post-radiation VC on animal 
induced by non-radiation factors. As one of these models has been elected immune 
response to foreign antigen. 

This antigens were sheep red blood cells (SRBC). To some extent this is model of 
response to infection. Mice recipients were exposed to VC gave off irradiated ( 4 Gy) 
individuals up to 1 day, immediately, 3 and 7 days after injection of SRBC. 

The number of AFC in the spleen was evaluated 4 days after injection of antigen. As 
a result of exposure to post-radiation VC before the antigenic stimulus the number of 
AFC in the spleen decreased to 30.4 ± 6.5% relative to controls. 

Such reaction is fully consistent with previously obtained data showing the 
immunosuppressive properties of post-radiation VC excreted in the urine of irradiated 
animals [2]. After exposure, VC to the recipient mice immediately after the 
administration of antigen an immune response is not changed. In that case, when the 
recipients were exposed to VC through l, 3 or 7 days after immunization, the number of 
AFC increased compared with the control to 193 ± 11.0, 122 ± 27. 7 and 263 ± 60, 7%, 
respectively. 

The presented here results of effects VC of irradiated mice on individuals before 
and after immunization showed the dual nature of the studied chemosignals - the 
direction of their influence on syngeneic animals depends on the state of the immune 
system. If before the immunization was observed suppression then after immunization -
stimulation of the humoral immune response. 

3.2. PHAGOCYTIC ACTIVITY 

Study of the effect of VC on the phagocytic activity of peritoneal macrophages of 
irradiated mice showed (Table 7) that phagocytic index (number of particles absorbed 
by one of phagocytic macrophages) in mice-recipients after exposure to VC of intact 
animals increased in 1,4 times in comparison with irradiated unexposed animals. 

This information is also, as in the case of antibody genesis, opposite the previously 
obtained data showing the inhibitory effect of post-radiation VC on phagocytosis. 
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induced by various factors, and individuals whose reaction to the signals depends on 
their physiological state. 

Our data allow to revise the view at some biological traits of the bystander effect at 
the interorganismal level (Mothersill, and Seymour, 2001; Mothersill et al. 2007; 
Surinov, 2007). 

TABLE 6. Immunological parameters (M±m) at male mice FI (CBAxC57Bl6) after exposition to volatile 

components (VC) irradiated (4Gy) individuals in different time relatively immunization 

Groups of Time exposition, 
Spleen 

Numer of cells, 
animals day Mass, Mg 

lxl06 
AFC, lxl03 

Control 
95.4±3.3 122±9.8 23.0±0.5 

I day before (100±3.5) (100±8.0) (100±2.2) 

Exposition to VC immunization 102±3.9 141±8.0 7.0±1.5 • 

irradiated (107±4.0) (116±7.0) (30.4±6.5) 

Immediately 
119±3.7 143±5.0 27.5±3.1 

Control 
(100±3.1) (100±3.5) (100±11.3) 

after 
Exposition to VC 104±6.4 135±14.0 30.8±2.9 

immunization 
irradiated (87.4±5.0) (94.4±9.8) (112±10.5) 

103±5.0 142±13.0 46.6±2.9 
Control 

I day after (100±4.9) (100±9.2) (100±6.2) 

Exposition to VC immunization 102±4.8 147±10.2 89.9±5.0. 

irradiated (105±5.0) (93.4±6.5) (193±11.0) 

77.4±2.6 106±6.0 18.0±3.8 
Control 

3 day after (100±3.4) (100±5.7) (100±21.0) 

Exposition to VC immunization 74.6±1.9 83.3±6.8. 22.0±5.0 

irradiated (96.4±2.5) (78.6±6.4) (122±27.7) 

77.2±1.9 112±4.9 9.5±1.5 
Control 

7 day after (100±2.4) (100±4.4) (100±16.0) 

Exposition to VC immunization 76±2.I 88.0±6.7. 25.0±6.0. 

irradiated (98.4±2.7) (78.6±6.0) (263±60.7) 

Note: in brackets - % to control; * -significant different (p<0,05) from control 
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TABLE 7. The phagocytic activity (M±m) of peritoneal macrophages of irradiated (I Gy, 3 dais) mice 

after exposure to the volatile components of urine of intact or irradiated ( 4 Gy) of individuals 

Animals group 

Intact 

Irradiated 

Irradiated + VC of intact individuals 

Irradiated+ VC of irradiated individuals 

Phagocytic index 

9.0±0.4 

13.2±1.0* 

18.5±0.6*· .. 

12.8±1.2* 

Note: • - significant different (p<0,05) from control; 

**- significant different (p<0,05) from irradiated. 

If previously considered that such an effect caused by unknown of post-radiation 
VC were directed only at the suppression of immunity, the above data demonstrate also 
the opposite effect - the impact VC of intact animals on irradiated individuals resulted 
in the restoration of immunity. The such phenomenon (immunostimuation) was 
observed also and after exposure VC to animals after antigenic administration. 

Hence, in our experiments we found that the orientation of the immunomodulatory 
effect of chemosignals depended on time of exposure of VC relatively of the effects of 
ionizing radiation or antigenic stimulus, i.e. the physiological condition of the recipient. 
This manifests itself most clearly in respect of post-radiation effects chemosignals 
induced by exposure to radiation with a dose of 4 Gy, which causes immunosuppression 
in intact animals, but stimulate the immune response in idividuals immunized with an 
antigen, or irradiated with low doses (1 Gy) ofradiation. 

Under certain conditions, the immunosuppressive chemosignals for intact animals 
have regenerating and stimulating activity in relation to immunocompromised by the 
radiative and nonradiative effects individuals. 

Therefore, bystander effect in groups of animals can have both suppressive and 
repaired consequences. Dependence of these effects upon the state of the donor 
chemosignals, and individuals-recipients can evaluate them as manifestation of 
biologically advisable of mechanisms that allow animals with chemosignaling to 
recognize individuals with disturbance of immunity and provide them by stimulating t 
and reparating effects. 

4. Conclusion 

The presented research findings demonstrate the ability of animals to produce 
chemosignals with previously unknown properties. Under certain conditions, they show 
the regenerating or stimulating activity in relation to other individuals who have a 
disturbance of immunity resulting from radiation and nonradiation effects. Therefore, 
bystander effect in groups of animals can have both suppress and repaired 
consequences. The direction of immunomodulatory effect is depends upon the status of 
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immune system of donors and recipients of chemosignals. It is probably argue for 
existence of biologically advisable mechanisms that allow animals using the 
chemosignaling to recognize individuals with immunity disoders and provide them a 
stimulating and repaired effect. 

This work was supported by the Russian Foundation for Basic Research and the 
Government of Kaluga Region project No 09-04-97505. 
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INTER-PLANT COMMUNICATION OF GENOME INST ABILITY IN 

RADIATION EXPOSED ARABIDOPSIS• 
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AB. T 1 K 3M4, Canada. 

Abstract. Bystander effect is the phenomenon of the response of naive bystanding cells 
or organisms to the stress experienced by neighboring cells or organisms. It is well 
documented for animal cells grown in vitro, and there are some reports of similar 
response on the level of the whole organism and even between stressed and non
stressed organisms. Here we present the evidence of the existence of communication 
between stressed and non-stressed plants. We show that naive plants neighboring plants 
exposed to X-ray or UVC exhibit similar increase in the frequency of homologous 
recombination as exposed plants. We present the evidence that communication signal is 
primarily airborne. 

1. Introduction 

'Bystander effects' is a term originally used in cancer therapeutics, and refers to the 
attempt at affecting a single type of cell within a heterogeneous population resulting in 
several types of cells being affected by the treatment (Freeman, et al., 1993; Morgan 
2003a). Now the term bystander effect has been applied to a number of different 
phenomena whereby unexposed 'units' exhibit the molecular symptoms of stress 
exposure when adjacent or nearby 'units' are a subject to a stress. Indeed, a unit seems a 
peculiar subject; however, the unit here can be referring to neighboring cells, systemic 
cells, or even entire organisms. 

Modern bystander effects are non-targeted effects of ionizing radiation exposure. 
They refer to nai've cells that were either in direct contact with irradiated cells or 
received an irradiation 'distress' signals from irradiated cells (Zhou, et al., 2000; 
Morgan, et al, 2002; Morgan 2003a; Morgan 2003b; Mothersill and Seymour, 2003; 
Mothersill and Seymour, 2004; Mothersill and Seymour, 2006; Morgan and Sowa, 
2007). In these instances, bystander effects can include a wide variety of genetic 
alterations such as gross genome rearrangements, chromosome aberrations, sister 
chromatid exchanges, deletions, duplications, gene mutations, and amplifications 
(Zhou, et al., 2000; Huo, et al., 2001; Zhou, et al., 2002a; Zhou, et al., 2002b; Suzuki, et 

• Radiobiology and Environmental Security I Eds. C.Mothersill, V.Korogodina, C.Seymour. Springer, 2012. P.87-98 
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al., 2003; Klokov, et al., 2004; Smilenov, et al., 2006; Hamada, et al., 2007). With 
further influences such as changes in gene expression, cellular proliferation, senescence, 
and cell death (Sawant, et al., 2001; Sawant, et al., 2002; Liu, et al., 2006; Lyng, et al., 
2006; Sedelnikova, et al., 2007). 

Other bystander-like effects are plasma- or blood-borne signals produced upon 
irradiation that direct chromosomal breakage and abnormalities in unirradiated tissues. 
These factors have subsequently been termed clastogenic factors (Mothersill and 
Seymour, 2001; Mothersill and Seymour, 2004; Morgan and Sowa, 2007). Similar to 
clastogenic factors are abscopal effects, in which radiation-induced changes occur 
outside the targeted area of irradiation, often in different organs (Mothersill and 
Seymour, 2001; Morgan, 2003a, Morgan and Sowa, 2007). A classic example is the 
bilaterally symmetric radiation-response, where only the left or right organ is exposed, 
but similar responses occur in both organs (Mothersill and Seymour, 2001; Morgan, 
2003a; Koturbash, et al., 2006). 

Bystander-like effects have also been shown in separate organisms. This can include 
the transgenerational transmission of radiation effects to offspring, especially in terms 
of 'bequeathing' genomic instability to cellular (Mothersill and Seymour, 2001; 
Morgan, 2003b; Morgan and Sowa, 2007) or organismal (Barber and Dubrova, 2006) 
progeny. Radiation-induced bystander phenomena have been shown to occur between 
cohabiting animals as well (Mothersill, et al., 2006; Mothersill, et al., 2007). 

As such, bystander and bystander-like effects are known to be involved in a number 
of different processes in different organisms. The commonality lies in non-effected 
'units' receiving signals from effected 'units' to produce a response that modifies 
homeostasis in the non-effected 'units.' 

The field of radiation-induced bystander effects in plants, in the sense of cell-cell 
media transfer experiments, has yet to be explored. However, abscopal bystander-like 
effects are well known to occur in plants under a variety of biotic or abiotic stresses. 
The local application of biotic or abiotic stresses to plant tissue can lead to systemic 
changes in pathogen resistance (Grant and Lamb, 2006), methylation pattern (Boyko, et 
al., 2007), recombination rate (Filkowski et al., 2004), hormone levels (Schilmiller and 
Howe, 2006) and gene expression (Truman, et al., 2006). UV-triggered intra-plant 
bystander effect was shown to be in part dependent on the free radicals as application of 
radical scavenger prior to UVC irradiation resulted in bystander signal of substantially 
lower intensity (Filkowski et al., 2004). The first published work referring to ionizing 
radiation-induced abscopal effects in plants occurred in 2007 (Yang, et al., 2007). This 
laboratory demonstrated that direct and specific radiation to the shoot apical meristem 

· of embryonic Arabidopsis with I OOO a-particles resulted in post-embryonic 
developmental defects in root formation. 

Plants have long been known to communicate to one another via diffusible signals, 
or volatile organic compounds. This phenomenon was first discovered several decades 
ago when it was observed that non-herbivore attacked (bystander) plants residing next 
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to herbivore-attacked plants were emitting the same defensive signals and activating the 
same defensive machinery as the attacked plants (Baldwin, et al., 2006). The reason for 
this signalling, or eavesdropping as some would put it, has a number of purposes 
including the priming of defences before the arrival of the herbivore, the readying of 
pathogen defences to disease, or to attracting predators or parasitoids of the organisms 
causing stress (Jimenez-Martinez, et al., 2004; Baldwin, et al., 2006). Interestingly, 
some of the phytohormones implicated in these plant-plant signals are similar to the 
hormones involved in both the systemic acquired resistance and systemic wound 
signalling. Again, this plant-plant communication of damage or impending attack could 
be considered bystander-like phenomenon. 

One of the signatures of the influence of bystander signal is the genome instability, 
including the increase in the homologous recombination frequency (HRF). Homologous 
recombination in plants plays dual roles as both a double-strand break repair mechanism 
as well as the mechanism responsible for increased genetic diversity during meiosis 
(Boyko, et al., 2007). In our laboratory and others, it has been shown that plants treated 
with ionizing radiation have increased levels of homologous recombination (Ries, et 
al., 2000; Filkowski, et al. 2004; Molinier, et al., 2005; Boyko, et al., 2006a; Molinier, 
et al., 2006). Further experiments have even shown that the local leaf treatment with 
UV-C leads to increased recombination rates in both the local and systemic leaves 
(Filkowski, et al., 2004). This systemic recombination signal (SRS) was also found in 
pathogen- (Kovalchuk, et al., 2003) and reactive oxygen stress-treated plants 
(Filkowski, et al., 2004). 

It is possible that the SRS, as well as some of the other systemic signals, are 
transmitted not through the plant vasculature, which is the common perception, but 
through the immediate gaseous environment of the plant. If this was indeed the case, 
plants exposed to ionizing radiation with increased recombination rates may transmit 
the signal to neighbouring plants in a closed environment. 

In this work, we show that plants neighboring X-ray- and UVC-irradiated plants 
exhibit similar changes in recombination frequency. We show that the bystander effect 
has two components: liquid, released through roots and airborne, released by leaves 

2. Methods 

2.1. PLANT LINES AND GROWTH CONDITIONS 

For the experiments on liquid media, sterilized Arabidopsis thaliana (cv. 24) line 11 
seeds were spread on sterile Whatman No. I filter paper in a divided (Fisher) or 
undivided (Fisher) Petri plates. A total of 4 mL of liquid MS media was added to the 
plates (2 x 2 mL in divided plates). In the solid media experiments, the same sterilized 
seeds were spread on divided or undivided Petri plates containing 25mL of solid MS 
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media (liquid media recipe plus 8 g/L agar (Sigma). The plates were stratified for 48 
hours at 4°C, and then grown in Enconair (Winnipeg, Canada) growth chambers at 16/8 
hours light/dark, at 23°C and l 8°C, respectively. 

Arabidopsis line 11 is a transgenic line that contains a homologous recombination 
(HR) reporter gene. This reporter line has two, non-functional, overlapping, truncated 
copies of the fJ-glucuronidase gene (GUS; Boyko, et al., 2006b; Swoboda, et al., 1994). 
If a strand break occurs anywhere in the region of homology in one of the two truncated 
GUS genes, the HR double-strand break repair pathway could repair it using the other 
strand as a template, potentially restoring the function of the GUS transgene (Figure IA; 
Boyko, et al., 2006b). In this case, sectors of blue will result after histochemical 
staining. 

Figure /. Representation of homologous recombination reporter line # 11 in Arabidopsis. HR - homologous 
recombination; DSB - double strand break; P-Glu - GUS staining solution. 

2.2. EXPERIMENTAL SET-UP 

Ten-day old Arabidopsis line 11 plants were a subject to either X-Ray (XR) or UV
C (UV) irradiation while growing on either solid or liquid MS media in either undivided 
or divided Petri dishes. Half of the plates were covered with a shielding that protected 
the plants underneath, and the plants were irradiated. Seven days post-irradiation the 
plants were harvested separately as either irradiated (IR; not covered) or bystander (BS; 
covered) plants. An additional treatment was added, half-bystander (Y2BS), in which the 
plates were covered as above, but only media was irradiated. 75-150 plants were 
counted per treatment, and the averages taken to represent the recombination rate for 
that experiment. The experiment was independently repeated three times, and statistics 
were performed on those three averages in MS Excel 2003. 

2.3. RADIATION TREATMENTS 

Plants were prepared for irradiation at I 0 days post-germination. In the instance of 
UV-C irradiation, the Petri lids were removed and half of the plate was completely 
covered in tinfoil. The entire plate was than irradiated with 7000 ergs (-60 ergs/second) 
of UV-C. A set of control plates were completely covered with tinfoil and irradiated 
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under the same conditions to ensure there was sufficient UV protection. X-ray 
irradiation was done in a similar manner. Half of the Petri dish was covered with a 2.5 
mm thick medical grade lead shield, and whole plates received 20 gray of X-rays (90 
kV, 5 mA, -18 mGy/sec). Again, a set of control plates were irradiated while 
completely covered with the lead shielding to ensure sufficient protection. 

2. 4. HISTOCHEMICAL STAINING 

Whole plants were harvested seven days post-irradiation. These plants were then 
immediately placed in GUS staining solution (100 mg of 5-bromo-4-chloro-3-indolyl 
glucuronide substrate (GBT) in 300 mL of 100 mM phosphate buffer (pH 7.0), 0.05% 
NaN3, and 1 mL dimethylformamide) and vacuum infiltrated for 10 min. Plants were 
incubated in the staining solution for 37°C for 48 hours, and then destained with 70% 
ethanol for 24 hours. The number of events per plant was than counted under a 
dissecting microscope, and the number of spots/plant (homologous recombination 
frequency) was calculated. 

3. Results 

The analysis of HRF in irradiated and non-irradiated bystander plants (Figure 2A) 
showed the increase in the case of X-ray and UVC exposures, although the effect of X
ray was more pronounced (Figure 2B,C). We hypothesized that the bystander effect on 
recombination frequency was triggered by the signal released by roots and transmitted 
through the liquid. To test whether the effect of the signal will be different depending 
whether plants were grown on liquid or solid media, we performed the experiments 
using both media (see Materials and methods for details). We found that in general HRF 
was higher in plants grown on solid media and that the bystander increase in HRF was 
more pronounced when plants were grown in the liquid media (Figure 2B,C). 

To test for the presence of airborne bystander signal, we performed above 
mentioned experiments using a divider that did not allow liquid exchange but allowed 
the air exchange (Figure 3A). The analysis showed that there was the increase in HRF 
in both, irradiated and non-irradiated plants, regardless whether there was a divider 
present or not (Figure 3D,E). The results were similar for both, X-ray and UVC 
exposures. 
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Figure 2. X-ray and UVC induce the HRF increase in both exposed and bystanding plants. Ten-day-old Arabidopsis line 
11 plants were a subject to either 20 gy of X-Ray (XR) or 7000 ergs of UV-C (UV) irradiation while growing on either 
solid or liquid MS media in either undivided or divided Petri dishes. 
A. Schematic presentation of the experiment. Half of the plates were covered with a shielding that protected the plants 
beneath from the radiation (Bystander), while the other half was uncovered (Irradiated). 
B. X-ray exposure experiment. Y axis shows the average recombination frequency in exposed and "bystander" plants 
grown on liquid or solid medium. Asterisks show significant difference from control (one asterisk - P<0.05; two -
P<0.01; three - P<0.001 ). 

C.· UVC exposure experiment. Y axis shows the average recombination frequency in exposed and "bystander" plants 
grown on liquid or solid medium. Asterisks show significant difference from control (P<0.05). 
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Figure 3. The signal triggering bystander effect is transmitted through liquid and air. Ten-day-old Arabidopsis line 11 
plants were a subject to either 20 gy ofX-Ray (XR) or 7000 ergs ofUV-C (UV) irradiation while growing on either solid 
or liquid MS media in either undivided or divided Petri dishes. 

A. Schematic presentation of the experiment. Half of the plates were covered with a shielding that protected the plants 
beneath from the radiation (Bystander), while the other half was uncovered (Irradiated). The Petri dishes used contain the 
dividers separating the medium in which irradiated and non-irradiated plants are grown. 

B. Schematic presentation of the experiment. Plants were only planted under the shielding and not in the non-protected 
area. 

C. Schematic presentation of the experiment. Plants were only planted under the shielding and not in the non-protected 
area. The Petri dishes used contain the dividers separating the irradiated medium and non-irradiated plants. 

D. X-ray exposure experiment. Y axis shows the average recombination frequency in exposed and "bystander" plants 
grown on liquid or solid medium. Asterisks show significant difference from control (P<0.05). 

E. UVC exposure experiment. Y axis shows the average recombination frequency in exposed and "bystander" plants 
grown on liquid or solid medium. Asterisks show significant difference from control (P<0.05). 
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Next, we asked ourselves whether the bystander signal could have originated from 
liquid media itself as the result of water radiolysis or similar radical producing events. 
To test this, we placed plants only in one half of the plate that was protected by the 
shield; no plants was placed in non-shielded area. We used plates that did and did not 
have a divider (Figure 3B,C). The results showed that in the case of liquid media, there 
was an increase in HRF in neighboring plants when the divider was not used (Figure 
30,E; data point labelled as "1/2 bystander"). At the same time, no increase in HRF was 
observed when the divider was used. Similar trend was observed for the solid media, 
although the data were not significantly different. 

4. Discussion 

Homologous recombination frequency increases can be the result of up-regulation of 
the homologous recombination double-strand break repair pathway, and has been 
shown numerous times to respond to direct ionizing radiation (Ries, et al., 2000; 
Filkowski, et al. 2004; Molinier, et al., 2005; Boyko, et al., 2006a; Molinier, et al., 
2006). This increase in HFR is a measure of genome instability, which generally refers 
to the susceptibility of the genome to mutations, rearrangements, and activation of 
mobile elements (Boyko, et al., 2007). 

Elevated levels of HRF are generally accountable through two mechanisms, the 
increase in the amount of double strand breaks, and/or the increase in the activity of 
homologous recombination repair machinery (Boyko, et al., 2006b). In the case of 
ionizing radiation, it is not surprising that increased HRF occurs upon exposure, as 
ionizing radiation is well known to induce double-strand breaks in eukaryotic cells, 
most commonly through the production of genotoxic intercellular reactive oxygen 
species (Chatgilialoglu and O'Neill, 200 I; Filkowski, et al., 2004). 

However, here our data suggests that direct UV-C and X-ray exposure cause 
increases in HRF that are more pronounced in liquid than solid media. This is an 
interesting finding, as it would suggest that plants in liquid media are more susceptible 
to total plant irradiation. However, if one considers the framework of the experiment, 
the plants as well as the media are being irradiated. It may be possible that the 
irradiation of the media is creating free radicals that are affecting the plants global HRF. 
It is well documented that the radiolysis (X-ray) and photolysis (UV) of water produces 
substantial quantities of hydroxyl radicals (Off) and hydrogen peroxide (H20 2) 

(La Verne, 2000; Azarague, et al., 2005). It is possible that irradiation of the media is 
producing these reactive oxygen species (ROS), which are then being taken in by the 
plant. Further, as the solid media is a semi-solid gel, it is possible that the ROS 
produced in solid media are less mobile, resulting in less uptake by the plant and 
causing less damage. These less-mobile ROS also explains the less dramatic increase in 
HRF in bystander plants in solid media. 
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These ROS produced by the irradiation of media could explain the bystander-like 
effect in the non-divided plates. It is likely that the ROS created by the radio- or 
hydrolysis of the media on the irradiated side of the plates can diffuse to the bystander 
side, causing similar effects in these plants. This is supported by the "1/2 bystander" 
treatments where only media is irradiated resulting in similar increases in HRF in 
undivided bystander plants. 

Further, this increase is completely abolished in the "1/2 bystander" divided plates, 
suggesting the physical barrier separating the media is capable of halting the signal. 
This evidence supports the media diffusible signal hypothesis and removes any 
speculation of media produced gaseous signals. 

Interestingly, however, is that bystander plants on divided plates that do contain 
irradiated plants do produce an elevated HRF. This would suggest that in addition to the 
media produced ROS causing elevated HRFs in bystander plants, the directly irradiated 
plants are producing a gaseous signal causing increased genome instability in 
neighbouring, unexposed plants. This is a truly phenomenal and novel finding. It is 
curious, however, why there is not an additive result in the increase in HRF in the 
bystander undivided plates. In this instance, the bystander plants are receiving both the 
putative aqueous ROS as well as the radiation-derived volatile signal. It may be possible 
that there is a certain level of saturation in this system, and HRF rates produced in this 
manner are regulated to a maximal level. Alternatively, as the irradiated plants covered 
much of the surface of the media, it could be the scenario that the plants are absorbing 
most of the dose and the media is receiving little radiation, resulting in the generation of 
only one prominent signal. 

The ability of plants to communicate through the release of volatile organic 
compounds is not novel. In past it was observed that plants not attacked by insects 
(bystander), residing next to those that were attacked, were able to produce the same 
volatile signalling molecules and were activating the same defensive pathways as the 
attacked plants (Baldwin, et al., 2006). A number of volatile organics have been studied 
over the years in an attempt to characterize these plant-plant interactions. Small highly 
volatile compounds, such as ethylene, methanol, isoprene, acrolein and some 
monoterpenes, can diffuse in the surrounding environment rapidly, limiting signalling to 
systemic leaves or very close neighbours (Baldwin, et al., 2006). Heavier volatile 
compounds, such as methyl jasmonate (MeJA), methyl salicylate (MeSA), have been 
suggested to function over longer distances, as their slow dispersal will allow for the 
establishment of turbulence-resistant of plumes (Baldwin, et al., 2006). In our case, 
since we are working in a limited air volume of a sealed Petri dish, the signalling of 
either type of volatile could be possible. 

MeSA and MeJA has previously been implicated in intraplant stress responses and 
systemic signalling, with examples in systemic acquire resistance (SAR; Grant and 
Lamb, 2006; Park, et al., 2007) and systemic response to wounding (SRW; Schilmiller 
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and Howe, 2005). Interestingly, both the plant-plant signalling of wounding (Baldwin, 
et al., 2006) and pathogen infection have been shown before (Shulaev, et al., 1997). 

Similar to these systemic effects is the systemic recombination signal (SRS) 
discovered in our laboratory several years ago (Kovalchuk, et al., 2003; Filkowski, et 
al., 2004; Boyko et al., 2007). In this model, the local application of virus, UV-C or 
rose Bengal (a ROS producing compound) resulted in the local and systemic induction 
of increased recombination rates. Indeed, this systemic induction of increased HRF may 
be similar to the plant-plant induction of HRF we show here. 

The biological relevance of such a signal between plants is indeed quite perplexing. 
It has been postulated that the SRS generated in systemic leaves in plants helps drive 
increasing genetic diversity in plants, as their sessile nature forces them to adapt to 
survive (Boyko and Kovalchuk, 2008; Boyko et al., 20 I 0). However, overwhelming 
rates of recombination are not 'geno-healthy' either, as homologous recombination can 
cause the loss of heterozygosity at herterozygous loci. It is possible that this putative 
plant-plant signal evolved as a systemic signal as opposed to an interplant signal, and it 
is only in the context of this experiment where close proximately plants in a small 
gaseous environment are exhibiting this plant-plant-like phenomenon. 
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BYSTANDER EFFECTS AND ADAPTIVE RESPONSES MODULATE IN 

VITRO AND IN VIVO BIOLOGICAL RESPONSES TO LOW DOSE IONIZING 

RADIATION• 
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Abstract. We have utilized cellular and molecular approaches to characterize biological 
effects that are induced in normal mammalian cells and tissues exposed to low 
doses/low fluences of ionizing radiations that differ in their quality (i.e. linear energy 
transfer; LET). In human cells exposed to particulate radiations with high, but not low, 
LET character, the induced stressful effects were not only confined to the cells that have 
been directly targeted by the radiation, but involved a number of non-targeted and 
delayed effects. Chromosomal damage and oxidative changes in proteins and lipids 
were detected in cells exposed to alpha and high charge and high energy (HZE) 
particles and in their neighboring bystanders. Signaling events mediated via 
inflammatory cytokines and/or intercellular channels that comprise gap junctions were 
critical for the expression of the induced non-targeted effects. With relevance to health 
risks, the stressful changes in bystander cells were propagated to their progeny. In 
contrast, induced DNA repair and antioxidant defense mechanisms often attenuated the 
basal level of DNA damage and oxidative stress to below the spontaneous rate in tissues 
of animals and in cultured rodent and human cells exposed to low dose/low dose-rate y 
rays, a low LET radiation. Together, our data suggest that low dose radiation-induced 
signaling events act to alter the linearity of the dose-response relation that is predicted 
by biophysical arguments. They show that the nature of the altered responses strongly 
depend on radiation quality. 

Keywords: Low dose ionizing radiation, bystander effect, adaptive response, health risks, linear 
energy transfer 

.. Radiobiology and Environmental Security I Eds. C.Mothersill, V.Korogodina, C.Seymour. Springer, 2012. P.71-88 
' To whom the correspondence should be addressed 

345 



1. Introduction 

Although recent advances in biochemical, molecular, and epidemiological 
techniques have increased our understanding of the biological effects and health risks of 
low dose ionizing radiation (<100 mSv), great ambiguities in knowledge still remain. 
The quality (i.e. linear energy transfer; LET), dose and dose-rate of the radiation, the 
types of irradiated cells, their microenvironment and their metabolic state, as well as the 
variations in inherent radiation sensitivity are among the factors that can modulate the 
responses to low dose radiation. These characteristics and others are under intense 
investigation in many laboratories, including ours; the results are yielding a wealth of 
novel insights into the mechanisms that underlay cell and tissue responses to low 
dose/low fluence ionizing radiation 1• It is hoped that the elucidation of the mechanisms 
involved may alleviate the uncertainties in estimating low dose radiation effects on 
human health2• Typically, human epidemiological studies would be ideal to assess such 
effects; however, they currently have limited statistical power due to the small size of 
the cohorts under study3. 

Understanding the biological effects of low dose radiation is of immense, public, 
scientific and regulatory interest, as the frequency of human exposure to low dose 
radiation has been on the increase. In addition to exposures from natural sources (e.g. 
inhaled radon gas), the human population may be subjected to ionizing radiation during 
activities related to nuclear technology, mining, air travel and space exploration. 
Perhaps of greatest significance is the explosive growth in diagnostic radiology use 
where an increasing number of individuals, including children, are being repeatedly 
exposed to low dose radiation4• 

Currently, for the purposes of radiation protection, the deleterious effects of ionizing 
radiation are assumed to have a linear dose response with no threshold2• Two radiation
induced phenomena that were particularly recognized in the past three decades, namely 
adaptive and bystander effects, are thought to cause a challenge to these assumptions5• 

The propagation of damaging effects from irradiated to non-irradiated bystander cells 
would, presumably, result in supra-linear dose-response relationships. In contrast, the 
expression of adaptive responses that mitigate the initial damaging effects induced by 
radiation would suggest an infra-linear dose-response relationship or the existence of a 
threshold dose, below which there would be no risk. Although widely observed, the data 
confirming the expression of these two phenomena are not universal6-9. Moreover, the 
exact molecular steps by which adaptive and bystander effects are elicited remain 
unclear. Elucidation of these steps would clearly increase our understanding of the role 
of cellular processes that impact the health risks of low dose radiation exposures. 
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We have been intensely involved in exammmg the mechanisms underlying 
radiation-induced bystander and adaptive responses by using model cells and rodent 
tissues. Here, we summarize some of our findings in the context of a brief review of the 
latter phenomena. These findings provide strong support for the expression of both 
bystander and adaptive responses and reveal a critical role of the quality of the radiation 
in triggering either protective or stressful effects at low doses. Whereas, low doses of 
low LET radiations (highly energetic X rays, y rays or protons) triggered processes that 
mitigated not only stressful effects induced by subsequent challenge doses of radiation, 
but also stressful effects due to endogenous oxidative metabolism 10- 13, high LET 
radiations (a particles and high charge, high energy (HZE) particles) resulted in the 
propagation of stressful effects from irradiated to non-irradiated bystander cells 14-16 . The 
data strongly support a role for intercellular communication and oxidative metabolism 
in the mediation of these responses. Induction of genomic instability and low dose 
hypersensitivity are other phenomena that are also thought to impact the health risks of 
exposure to low dose radiation. These phenomena are being investigates in different 
laboratories 17-20• 

2. Interactions of Ionizing Radiation with Biological Matter 

Ionizing radiation is energetic and penetrating. Many of its chemical effects in 
biological matter are due to the geometry of the initial physical energy deposition 
events, referred to as the track structure. The transfer of radiation energy to living 
tissues causes ionization of atoms and molecules and breaks chemical bonds, which 
initiates a series of biochemical and molecular signaling events that culminate in 
transient or permanent physiological changes21 . 

Ionizing radiation exists in either particulate or electromagnetic types. The 
ionizations and excitations that it produces tend to be localized, along the tracks of 
individual charged particles, in a pattern that depends on the type of radiation involved. 
Whereas the ionization events produced by fast electrons ejected from molecules 
traversed by high energy X rays or y rays are well separated in space, those produced by 
certain charged particles, such as a and HZE particles, occur in dense columns along the 
particle path22 . Such differences in ionization patterns mainly arise from differences in 
charge-to-mass ratio of the impacting particles. 

Effects due to the track structure define the quality of the radiation and are 
commonly called linear energy transfer (LET) effects. In irradiated mammalian cells, 
which consist mainly of water, single energy deposition events cause bursts of reactive 
oxygen species (ROS) in and around the radiation track as well as in the intercellular 
matrix. Depending on the physiological state of the cell, these bursts of reactive species 
may alter the cellular redox environment, modify signaling cascades and normal 
biochemical reactions, and generate damage to cellular molecules and organelles23 . In 
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addition to the damages caused by water radiolysis products (i.e. the indirect effect), 
cellular damage may also involve reactive nitrogen species (RNS) and other species24, 

and can occur also as a result of ionization of atoms on constitutive key molecules (e.g. 
DNA). The latter is known as the direct effect21 . The ultimate result, of direct and 
indirect effects, is the development of biological and physiological alterations that may 
manifest themselves seconds or decades later. Genetic and epigenetic changes may be 
involved in the evolution of these alterations25' 26 • Intercellular communication among 
the irradiated cells27, and between irradiated and non-irradiated cells 14• 28 , as well as 
oxidative metabolism and DNA repair mechanisms are major mediators of the system 
responses to ionizing radiation exposure29• 

Because high LET radiation deposits greater amounts of energy per unit length of 
matter traversed, the possibility of multiple lesions in close proximity and short time 
frame is high30. Consequently, for the same total dose absorbed, high LET radiation is 
more damaging to cells than low LET radiation21 • The effects of LET, dose, and dose
rate in the cellular responses to low dose/low fluence ionizing radiation exposures 
continue to be intensely investigated. Here, we highlight the relevance of the latter 
charactersitics of radiation in the expression of adaptive responses and in the nature of 
the biological effect propagated from irradiated to bystander cells in the exposed cell 
populations. 

3. Ionizing Radiation-Induced Bystander Effects 

The ionizing radiation-induced bystander effect is broadly defined as the occurrence of 
biological effects in unirradiated cells as a result of exposure of other cells in the 
population to radiation. Bystander effects have been mainly observed in high density 
cell cultures exposed to low fluences of a particles wherein only a small fraction of cells 
is irradiated31 . Emerging data also indicate that bystander effects exist in cell cultures 
exposed to low doses of HZE particles32 • They have also been noted in co-cultures of 
irradiated and unirradiated cells33• 34• Stressful effects including up-regulation of stress
responsive proteins, genetic changes, induction of cell cycle checkpoints and cell death 
occur in both irradiated and non-irradiated cells of human and rodent origin at different 
stages of growth (reviewed in 1' 18' 35-37). More recently, strong evidence for bystander 
responses in vivo has been presented38• 39• A few studies have also indicated that 
radiation-induced protective responses are mediated in a bystander manner in cell 
cultures exposed to low doses of low LET radiations40 (and our unpublished data). 

By using several biological endpoints to investigate non-targeted effects, including 
induction of DNA damage and various parameters of oxidative stress, our studies 
strongly support a role for LET, dose-rate and total absorbed dose in determining the 
nature and magnitude of the radiation-induced bystander effect and its persistence in 
progeny cells 13• 41 • 42. Together with results generated by others, the data clearly show 
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that a given cell need not be directly irradiated to experience an ionizing radiation
induced biological response. Depending on cell type and radiation characteristics, 
distinct molecular interactions lead to propagation of either damaging or protective 
effects from irradiated to unirradiated cells and between irradiated cells. Gap-junction 
selectivity, secreted diffusible factors and oxidative metabolism are mediators of these 
effects35 . 
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Figure I (A) Expression of p2 I wan in protein lysates from gap junction communication-competent WB-F344 or gap 
junction communication-deficient WM-aB I confluent cultures following exposure to a particles. Cells were harvested 4h 
after the exposure and proteins were examined by western blot analyses (8) In situ immunofluorescence detection of 
p2 I wan expression in control non-irradiated WB-F344 cultures and in cultures exposed to 0.3 cGy of a particles. 
Expression ofp2lwari in control non-irradiated and in I cGy-exposed cultures ofGJIC-deficient WM-aBI cells15 

A direct evidence for the role of gap-junction intercellular communication (GJIC) in 
these processes was shown by our group and by others14• 15• 28• The modulation of 
proteins involved in the p53/p21 Waft stress-induced signaling pathway and induction of 
DNA damage in bystander cells were observed only in GJIC-proficient cell cultures. 
The data in Figure (1) describe p21 Waft expression in sham-exposed and a particle
irradiated cultures from two related rat epithelial cell lines that differ in their ability to 
communication via gap junctions. The WB-F344 cells are GJIC-competent, a function that 
is sensitive to inhibition by lindane and other chemicals that block junctional 
communication43• 44. The WM-aB 1 cells were derived from WB-F344 cells, but are 
deficient in GJIC15• 45• Similar to WB-F344 cells, WM-aBI cells express connexin43, a 
structural protein of gap junctions, however they are deficient in the ability to phoshorylate 
it, which renders them deficient in functional GJIC15• 45 . The western blot analyses data in 
Fig. (1 A) show an increase in p2 I Waft levels in confluent WB-F344 cultures exposed to 
mean doses as low as 0.3 cGy. In WM-aB 1 cell cultures, an increase in p2 l waft levels is 
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significant only at mean doses of 5 cGy or higher. Therefore, the magnitude of the 
response in the GJIC-competent cells and the lack of p21 Wafl up-regulation in WM-aB 1 
GJIC-deficient cultures exposed to low mean doses strongly support the involvement of 
GJIC in the bystander gene expression response. This is further confirmed by the in situ 
imrnunofluorescence data in Fig. (1 B) showing induction of p21 Wafl in confluent cultures 
exposed to a mean dose of 0.3 cGy. While small clusters ofresponding cells were observed 
in WB-F344 cells, only single isolated and presumably irradiated WM-aBl cells invariably 
exhibited up-regulation of p21 Wafl after exposure to doses in the range of 0.3 to 1.0 cGy 
(Fig. l B). At these mean doses to the mono layer, 1 % or less of the WB-F344 or WM-aB 1 
cells would have their nuclei traversed by an a particle. 
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Figure 2 Western analyses of p21 w.ri level in lysates from isogenic wt or connexin43-/- MEF cultures exposed to a 
particles. Cells were harvested 4h after the exposure". 

The WM-aB 1 cells were transformed by mutagenesis of the WB-F344 parental cell 
line46• To exclude effects due to mutagenesis other than loss of GJIC, we tested the 
induction of the p53/p2 l wan signaling pathway after low fluence a particle irradiation of 
low passage mouse embryo fibroblasts (MEFs) from wt and isogenic knockout embryos 
for connexin43. Similar to WB-F344 and WM-aBl cells (Fig. 1), the data in Fig. (2) 
indicate a lack of detectable increase in p21 Wafl level in connexin43-r cell cultures 
exposed to mean doses less than I 0 cGy. In contrast, p2 l wan was induced in wt cell 
cultures exposed to mean doses as low as 0.6 cGy. Collectively, these data support 
strongly the involvement of GJIC in the bystander gene expression response observed in 
confluent, density-inhibited cell cultures exposed to low fluences of a particles. They 
are relevant to estimation of the health risks of exposure to environmental radon. Radon 
accounts for 55% of the average annual radiation dose to the public in the USA and is 
considered to be the single largest naturally occurring environmental hazard. In fact, -
10-14 % of lung cancer fatalities in the USA may be linked to radon and its a particle
emitting decay47. 

350 



In addition to a particles, and with relevance to space exploration, we have also 
observed prominent stressful bystander effects in cell cultures exposed to low fluenes of 
HZE particles48• Our published and unpublished data indicate prominent induction of 
DNA damage, protein oxidation, lipid peroxidation and perturbations in mitochondrial 
functions, including mitochondrial protein transport and inactivation of the metabolic 
enzyme aconitase in bystander cells and in their progeny. Gap-junction communication 
was a major mediator of the propagation of these effects in the tissue culture systems 
used in our studies. 

3.1. GAP-JUNCTION CHANNELS AND THE CELLULAR RESPONSE TO IONIZING 
RADIATION 

Gap junctions are dynamic structures that are critical for diverse physiological 
functions49. The intercellular channels that comprise gap junctions are formed by 
connexin protein. Each of the -20 isoforms of connexin forms channels with distinct 
permeability properties. Though the properties of channels formed by each isoform 
differ, connexin pores, which vary in diameter, usually allow permeation of molecules 
up to - I OOODa, well above the size of most second messengers. Connexin channels 
have been shown to be highly selective among molecular permeants49• 

Evidence for the involvement of GJIC in propagation of bystander effects has been 
derived from studies with a particle, ~ particle, y, and HZE radiations. These studies 
highlight the relevance of bystander responses to radiotherapy, diagnostic radiology, 
and risk of environmental and occupational exposures50. Manipulation U j) of connexin 
expression/gap-junction gating by pharmacological agents, forced expression by 
transfection, and connexin gene knockout studies have provided evidence for the 
participation of GJIC in radiation-induced bystander effects35 . This is particularly 
supported by the stabilization and up-regulation of connexin mRNA and protein by 
ionizing radiation Fig. (3)5 1• Examination by Northern and Western analyses of AG 1522 
normal human fibroblast cultures exposed to low fluences of a particles indicated that 
the CONNEXIN43 gene is indeed activated. Relative to sham-irradiated controls, 
CONNEXIN43 mRNA (Fig. 3A) and protein levels (Fig. 3B) were increased after 
exposure to mean doses ranging from I to 24 cGy. The similar increases at all doses 
suggest that low fluences of a particles induce molecular pathways that lead to maximal 
up-regulation of CONNEXIN43. The data in Fig. (3B) indicate increased expression in 
three protein bands detected by the antibody used. These bands were previously 
described to represent the native, phosphorylated and hyperphosphorylated isoforms of 
connexin43 52 . Low fluences of a particles up-regulate both the native and the post
translationally modified isoforms in confluent normal human fibroblasts51 . 
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Figure 3. Upregulation of CONNEXIN43 in a-particle-irradiated cell cultures. (A) Northern analyses of connexin43 
expression in AG 1522 fibroblast cultures exposed to a-particles doses ranging from 0 to 24 cGy and held at 37°C for 6 h. 
(B) Western analyses of connexin43 in AG 1522 confluent cultures at 3 h after exposure to a particle doses ranging from 0 
to 10 cGy under normal growth conditions51 . 

Participation of GJIC in stress-induced bystander effects is not unique to ionizing 
radiation; it has also been described in high density cell populations exposed to 
chemotherapeutic agents. Toxicity of these compounds was enhanced by functional 
gap-junction communication in target cells 53• Thus, many systems show that GJIC 
enhances the effects of toxic agents on targeted and untargeted cells. Direct intercellular 
communication may also lead to induction of protective effects that attenuate damage in 
targeted cells54• The determinants and mechanism(s) of these effects, however, remain 
largely undefined. Our emerging data indicate that permeability properties of gap
junction channels have affect the nature of the induced bystander response. Different 
connexins form channels with different selectivities for various molecules including 
ions and highly similar second messengers55• 

Direct intercellular communication is not unique in propagating radiation-induced 
non-targeted effects. A wealth of data has also shown the critical importance of secreted 
diffusible factors in the expression of radiation-induced non-targeted effects36• TGF-~, 
interleukin-8, serotonin and others have been implicated in propagation of bystander 
effects56• 57. 

3.2. OXIDATIVE METABOLISM AND BYSTANDER EFFECTS 

Normal oxidative metabolism is a key endogenous generator of reactive oxygen and 
nitrogen species58, and homeostatic control of normal cellular growth pathways is 
tightly dependent on oxidants59• A disruption of the balance between oxidant production 
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and antioxidant defense alters the homeostatic cellular redox environment, resulting in a 
state of oxidative stress that promotes several pathological conditions including 
degenerative diseases and cancer60• The endogenous targets of oxidants are diverse and 
include nucleic acids, proteins and lipids. 

There is a strong connection between the generation of ROS and RNS and the 
damage that follows radiation exposure. Whereas -60 ROS per nanogram of tissue were 
estimated to be generated from a hit caused by 137Cs y rays67• 68, we can estimate that 
over 2000 ROS are generated from an a particle traversal, corresponding to a ROS 
concentration of -19 nM in the nucleus of a normal human AG 1522 cells27• Such a ROS 
concentration can obviously cause extensive oxidative damage and may constitute a 
signaling event that triggers the spread of stressful effects from irradiated to 
neighboring bystander cells. 

The involvement of ROS in the ionizing radiation induced bystander response was 
postulated by Nagasawa and Little31 in their initial report describing the induction of 
sister-chromatid exchanges (SCE) in bystander Chinese hamster ovary cells present in 
cultures exposed to fluences of a particles by which less than 1 % of the nuclei were 
directly targeted. Evidence for such involvement was subsequently generated in studies 
involving various biological endpoints and irradiation modalities35. Induction of stress 
responsive proteins, lethality and genetic changes (SCEs, mutations, chromosomal 
aberrations) in bystander cells was inhibited by superoxide dismutase (SOD) and other 
antioxidants35. 

Control SOD-treated 

0 .3 .8 3 20 0 .8 3 20 cGy 

NF-teB 

Figure 4. Electrophoretic mobility shift assay in a particle-irradiated AGl522 fibroblast cultures indicates activation of 

NFKB DNA-binding by low mean doses at 30 min after exposure16. 

ROS act as second messengers that regulate gene expression by signaling processes 
that involve activation of redox sensitive transcription factors61 -67• Consistent with a role 
for radiation-induced alterations in redox sensitive transcription factor activation in 
bystander cells in cultures exposed to low fluences of a particles, increases in the DNA
binding activity of NFKB were observed in AG 1522 normal human cell cultures 
exposed to doses as low as 0.3 cGy (Fig. 4). A similar level of increased DNA-binding 
activity was observed at 0.6 and 3 cGy although a 5-fold greater fraction of cell nuclei 
are traversed at 3 cGy than at 0.6 cGy. Importantly, when SOD (100 µg/ml, 300 U/ml) 
was added to the culture 30 min prior to irradiation, the increase in NFKB DNA-binding 
activity was inhibited (Fig. 4), further supporting the role of 0 2•· in the bystander 
response of AG 1522 cells. 

353 



Extensive data now indicate that the intracellular production of superoxide anions 
and hydrogen peroxide in both irradiated and bystander cells involves both the plasma 
bound NADPH-oxidase and mitochondria16• Of particular significance, our data 
strongly indicate that increased ROS levels following cellular exposure to a or HZE 
particles persist in progeny cells for many generations. This is manifested by increased 
oxidation of cellular proteins and disruption of mitochondrial physiology. In particular, 
decreased aconitase activity, which is involved in electron transport and regulation of 
gene expression, was observed, in bystander cells, 20 population doublings after 
exposure48 . Ectopic over-expression at the time of irradiation of the antioxidant 
enzymes superoxide dismutase or glutathione peroxidase, in bystander or irradiated 
cells, attenuated DNA damage and induction of stress-responsive proteins in the 
bystander cells (our data, unpublished). These results show that oxidative metabolism 
modulates non-targeted effects at the level of the irradiated and bystander cells. 

Through in viva experiments consisting of partial body irradiation of male Sprague
dawley rats with low fluences of HZE particles (energetic titanium or oxygen ions), 
stressful effects involving mitochondrial dysfunction were observed in non-targeted 
tissues 20 months after the exposure38. Decreases in mitochondrial protein import as 
well as increases in antioxidant defense in non-targeted tissues were associated with 
perturbations in immune responses and inflammatory cytokines levels (e.g. interleukin-
6) (unpublished). These data are consistent with the findings of others who showed that 
inflammatory-type responses involving oxidative stress occur after exposure to ionizing 
radiation68• 69 . In these in viva experiments, activation of macrophages and neutrophil 
infiltration were not a direct effects of irradiation, but were a consequence of the 
recognition and clearance of radiation-induced apoptotic cells. The occurrence of such a 
response has been suggested to provide a mechanism for the interactions between 
irradiated and non-irradiated haemopoietic cells68' 69• Such interaction was also observed 
in out of field experiments examining the genetic effects of partial organ irradiation. 
Antioxidants and nitric oxide synthase inhibitors attenuated these effects 70 strongly 
supporting the role of ROS and RNS in mediating bystander effects71 • 72 •. 

Overall, several studies challenge the traditional paradigm that the important 
biological effects of ionizing radiation are due to DNA damage induced as a result of 
direct interaction of the radiation track with the cell nucleus. They indicate that 
irradiated and non-irradiated cells interact, and oxidative metabolism and intercellular 
communication have an essential role in signaling events leading to radiation-induced 
bystander effects. However, clear evidence explaining how these events occur is still 
lacking. Regardless, the occurrence of bystander effects implies that the modeling of 
dose response relationships based on the number of irradiated cells may not be a valid 
approach 17• 
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4. Low LET Radiation·lnduced Adaptive Responses 

The "adaptive response" is a phenomenon generally induced by low dose/low LET 
radiation that protects cells and whole organisms against endogenous damage or 
damage due to a subsequent dose of radiation 73• Data generated over the last three 
decades suggest that exposure of mammalian cells, including human cells, to low doses 
of low LET radiation (e.g. X rays, y rays, ~particles) induces molecular processes that 
are different from those induced by high dose radiation74. Such processes were found to 
be protective against stress measured by several biological endpoints5. Radiation
induced adaptive responses were dependent on the adapting dose, dose rate, expression 
time, culture conditions and stage of the cell cycle75• Adaptive responses seem to be 
evolutionarily conserved as effects that protect against DNA damage in mammalian 
cells76 mirror the evidence of radiation-induced protective mechanisms in prokaryotes 
and lower eukaryotes77• Adaptive responses to ionizing radiation have also been dtected 
. . 78 79 mvzvo · . 

Of particular relevance to risk assessment, it was observed that low-dose/low LET 
radiation (0.1 - I 0 cGy) decreases the frequency of neoplastic transformation to a level 
below the spontaneous rate in C3H I OTY2 mouse embryo fibroblasts (MEFs) and in 
HeLa human hybrid cells11 · 80. It is noteworthy that these protective effects were seen 
only in irradiated cells that were allowed to incubate at 37°C before release from 
contact inhibition (Fig. 5), which suggests that time is required for expression of the 
protective effects. 

/ 

Figure 5. Low dose/low dose rate y rays decrease the frequency of neoplastic transformation to a level below the 

spontaneous rate in C3 H I OT1/2 mouse embryo fibroblasts 11 . 

Chronic exposure ofC3H IOTY2 MEFs to 6°Co y-radiation at doses as low as 10 cGy 
protected the cells not only against damage from endogenous metabolic processes, but 
also against neoplastic transformation by a subsequent large acute radiation exposure12• 

The induced resistance to neoplastic transformation correlated with increased ability to 
repair radiation-induced chromosome breaks 10• Significantly, our recent proteomic 
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studies have identified novel proteins that were distinctly induced by low and not high 
dose y rays. We have uncovered a role in DNA repair for the translationally controlled 
tumor protein, which was induced by almost I 0-folds in cell cultures exposed to doses 
as low as I cGy (Zhang et al., manuscript in preparation). 

In addition to up-regulation of DNA repair mechanisms81 , other processes may also 
modulate cellular responses to low dose/low dose-rate irradiation. Irradiation, under 
such conditions may affect the overall redox-state of the cell and its anti-oxidation 
potential, and may alter chromatin conformation, hence affecting the accessibility of 
DNA lesions to components of the DNA repair machinery. It may also induce 
mechanisms (e.g. apoptosis) that eliminate heavily damaged cells from the irradiated 
cell population82. Our data indicate that direct intercellular communication by gap
junctions 13 is an important modulator of these effects. In addition, the induction of cell 
cycle checkpoints presumably provides more time for repair of radiation damage. Such 
effects may involve epigenetic events that could be transmitted to the progeny of low 
dose irradiated cells (Chaudhry et al., manuscript in preparation). 

Similar to its role in modulating bystander effects, oxidative metabolism is also a 
significant mediator of low dose, low LET radiation effects. Exposure of normal human 
fibroblasts maintained in 3-dimensional architecture to I 0 cGy from y rays delivered 
over 48 h reduced the frequency of micronucleus formation (a form of DNA damage) to 
levels similar or lower than background13• The effects correlated with up-regulation of 
cellular content of the antioxidant glutathione 13 • Extensive data have also shown that 
whole-body exposure of mice to low dose/low dose-rate y rays up-regulates superoxide 
dismutase and alters mitochondrial functions in a manner that attenuates the generation 
of ROS (Li et al., manuscript in preparation). We predict that such alterations provide a 
defense mechanism that allows the organism to cope with the radiation-induced 
oxidative stress. Together, the data suggest that mitochondria, which are active 
participants in oxidative metabolism, play a crucial role in low dose-induced adaptive 
responses. 

5. Conclusion 

Some of the mechanisms (e.g. junctional communication, oxidative metabolism) that 
underlie the bystander effect have been also implicated in the adaptive response to 
ionizing radiation. However, classical adaptive response protocols involving low LET 
radiation are clearly distinct from those of bystander studies conducted mainly with 
high LET radiation. In the adaptive response, cells are exposed to a small dose of low 
LET radiation. In contrast, cells traversed by an a or a HZE particle receive a 
substantial dose (I 0-70 cGy) and undergo a complex type of DNA damage. While 
similar mediators may modulate the same endpoint in both phenomena, the occurrence 
of opposite effects, such as pro-survival rather than cytotoxic effect, may reflect 
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changes in concentration of the inducing factor(s). For example, ROS have been shown 
to be a double-edged sword capable of inducing both proliferative or cell death effects 
depending on their concentration. Moreover, recent studies emphasized the effect of 
LET on the yield of water radiolysis products83 • Prevalence of different radiolysis 
species at the time of irradiation may induce dissimilar effects. However, the bystander 
effect and adaptive response could also be mediated by distinct mechanisms/mediating 
factors. 

Due to limitations in the statistical power of current human epidemiological studies 
in assessing the health risks of low dose radiation exposures, mechanistic studies may 
be essential to understanding biological effects, and to help evaluating risks at low 
doses. Coupled with epidemiology, the knowledge of cellular and molecular processes 
that underlay low dose radiation-induced biological effects should further refine our 
estimates of radiation risks at low doses. The expression of stressful bystander effects in 
cell populations exposed to low tluences of high LET particles may contribute to the 
understanding of lung cancer incidence from environmental radon and degenerative 
diseases that may occur following deep space travel84 . Bystander effect studies may also 
enhance our understanding of biological effects that result from non-uniform 
distribution of incorporated radioactivity such as a particles emitted from radionuclides 
used in therapeutic nuclear medicine or released during nuclear accidents or terrorist 
activities50. In particular, they offer avenues to characterize the nature of communicated 
signaling molecules and formulate strategies to protect normal tissue surrounding 
irradiated tumor targets. In contrast, the expression of adaptive responses in low 
dose/low LET exposed cell populations and the propagation of protective effects from 
irradiated to non-irradiated cells present in these populations may explain reported 
hormetic effects. They indicate that for some individuals, the risk from very small doses 
of radiation delivered at low dose-rate may be inexistent. 

In conclusion, it is apparent that extensive in vitro and in vivo experimental evidence 
suggests that biological responses together with biophysical considerations likely 
determine the outcome of cellular exposure to ionizing radiation. Collectively, these 
studies should further contribute to the setting of radiation protection standards that 
would be effective in different exposure scenarios, applicable to men and women of all 
ages, and that must protect radiosensitive persons. 
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LOW DOSE RESPONSES OF BONE MARROW TO X-RAYS IN VIvo• 
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Abstract. Radiation risk at low doses is determined by linear extrapolation from high 
dose epidemiological data. In the last decade many non-targeted effects have been 
reported which may be relevant to low dose risk determination. To investigate cell 
responses at such low doses we used bone marrow cells of mice. We have not observed 
non-targeted effects long- or short-term post irradiation. Exposure below 50-100 mGy 
provides no evidence of a dose response for apoptotic signaling, bystander effects and 
low responses for p53 and p21 induction with significant individual variability. There is 
also no evidence for long-term chromosomal instability in the bone marrow at doses 
below l Gy. The data also demonstrate unexpected thresholds above which dose
dependent damage signaling is observed and the chromosomal instability phenotype is 
induced. The data are consistent with low dose X-irradiation being less damaging than 
would be expected from the LNT paradigm. 

Keywords: DNA damage, in vivo, bone marrow, individual radiosensitivity, low doses 

1. Introduction 

Exposure to high doses of ionizing radiation unequivocally produces adverse health 
effects including malignancy. At lower doses epidemiology is not powerful enough for 
the purposes of radiation protection and the carcinogenic risk is estimated by 
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extrapolation linearly proportional to radiation dose down to background levels (LNT 
model) relying heavily on radiobiological investigations and theoretical biophysical 
considerations'. Importantly, dose is used as a surrogate for risk and averaged across a 
tissue rather than considered as dose to individual cells. In recent years, many 
observations of, so called, non-targeted effects indicate that radiation-induced lesions 
are not necessarily restricted to cells in which energy has been deposited. These 
observations include radiation induced bystander effects (responses exhibited by non
irradiated cells that have communicated with irradiated cells) and radiation-induced 
genomic instability (nonclonal effects arising in the descendants of irradiated cells)2-5• 

The phenomena have been regarded by some as being particularly important at low 
doses, potentially questioning the validity of a simple linear extrapolation of radiation 
risks from high to low doses5· 10. To study in vivo responses of relevance to low dose 
effects of low-LET radiation and their potential risk, we investigated short-term (p53 
pathway signalling and apoptotic responses) and longer-term (cytogenetic) effects in 
mouse bone marrow cells after exposure to very low doses of X-rays where, at the 
lowest doses studied, not all cells are irradiated and after l. 7 mGy approximately 40% 
of cells would not have received a single electron track' 1•12 • 

1. Matherial and methods 

I.I. ANIMALS AND IRRADIATION 

C57BL/6 and CBA/Ca mice, susceptible or resistant, respectively, to both radiation
induced myeloid leukaemia13 and radiation-induced chromosomal instability in the bone 
marrow 14 and exhibiting differences in the generation of bystander-type signals after 
exposure to high doses of low-LET radiation 15•16 were sham- or X-irradiated as 
described previously 17 . Mice were bred and housed under conventional conditions and 
experiments conducted using adult mice of 8-12 weeks of age. Mice were sham
irradiated for controls or exposed to different doses of X-rays at a dose rate of I 
mGy/sec for low doses (up to I 00 mGy) and 7.5 mGy/sec for high doses (0.5 Gy, I Gy 
and 3 Gy). Experiments were approved by local ethical review and carried out in 
accordance with Home Office Project License. 

I .2. IMMUNOHISTOCHEMISTRY 

At 3 hours post irradiation, femurs were removed, fixed and processed for 
immunohistochemistry using standard procedures 18• Femurs were fixed by immersion in 
4% buffered formalin for 48 hours and later were decalcified with EDTA, pH 7.0 for 
I 0-12 days. All tissues were processed to paraffin wax using standard histological 
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processing schedules. Tissue sections 4 µm thick were stained using a peroxidise 
avidin-biotin-complex technique (Vector Elite ABC System, Vector Laboratories, UK) 
detected with an intensified AB/imidazole reaction. Antigen retrieval was performed by 
boiling in I 0 mM citrate buffer, pH 6.0 for 15 min in a microwave oven. The CMS 
polyclonal antibody to rodent p53 was provided by D.Lane and used at 1/80 OOO 
(University of Dundee, UK). Purified rabbit antip21/wafl (Ab5, Oncogene Research 
Products, Nottingham, UK) was applied at 0.5 µg/ml. Caspase 3 antibody was 
purchased from Cell Signaling Technology (Cat N. 9664L). Sections were 
counterstained with haematoxylin. The numbers of positive cells and the total number 
of cells were counted by light microscopy with the aid of an eye-piece graticule. At 
least four independent areas were assessed per dose/time point for each individual 
animal and the decoded data pooled, tested for normality using the Shapiro-Wilk Test 
and differences between control and single experimental groups analyzed using the 
Student's t test with multiple comparisons of dose response data analyzed by Scheffe 
analysis of variance. Differences with p < 0.05 are stated as significant in the text. 

1.3. TUNEL ASSAY 

The same tissue sections and cytospined cells as for immunochemistry were treated by 
Proteinase K (Sigma) at concentration 10 µg/ml for 30 min at 3 7C. Then Labeling the 
DNA ends were done using enzyme TdT (Invitrogen) and biotinated-14-DCTP 
(lnvitrogen) according the supplier instructions. The staining (using a peroxidise 
avid in-biotin-complex technique), scoring and statistical analysis are performed the 
same way as for immunochemistry. 

IA. IN VITRO ASSAY OF BYSTANDER STRESS RESPONSE 

To assay for a radiation-induced p53 bystander effect in vitro, bone marrow cell 
suspensions obtained from C57BL76 mice were divided into two aliquots; one was 
irradiated the other sham-irradiated. The irradiated aliquot was divided to provide two 
sources of signals for study of bystander effects. Two different assay systems were 
used: co-culture using transwells with 0.4 µm pores in which irradiated and sham
irradiated cells are separated by a polycarbonate membrane and media transfer in which 
sham-irradiated cells are suspended in medium obtained from irradiated cells. After 
incubation for 3h in 5% C02 in air at 37°C, cytocentrifuge preparations were prepared, 
immunostained, scored and analyzed as for tissue sections. 

1.5. ASSAY FOR DELAYED CYTOGENETIC ABERRATIONS 

At 30 and 100 days post-irradiation bone marrow cells were flushed from the femora of 
the irradiated mice. Metaphases were accumulated for 1 h by adding 0.02 µg/ml 
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colcemid to the marrow cells, suspended in a-MEM supplemented with 20% foetal calf 
serum at 37C. These cells were then suspended in 5ml hypotonic (0.55% w/v) 
potassium chloride (KCI) for 33 min incubation at 37C, then 2-3 ml KCI in sodium 
citrate was added (0.28 g KCI and 0.5 g sodium citrate in 100 ml distilled water) for 8 
min. The cells were then fixed in suspension by adding 1-2 ml 3:1 methanol: acetic acid 
mixture to a final volume of 10 ml at room temperature. After 10-15 min, the cells were 
resuspended in at least two additional changes of the fixative mixture. Air-dried slides 
were aged for I 0-14 days before Giemsa (15% in distilled water) staining. 
Chromosomal aberrations in coded metaphase preparations were recorded 14, data 
obtained from 6-12 individual mice pooled after decoding and differences between the 
proportions of aberrant cells analyzed by the Fisher's exact test as described 
previously 14' 17 • 

2. Results 

2.1. LACK OF LOW DOSE-RESPONSE AND A THRESHOLD FOR DAMAGE RESPONSE 
SIGNALING AND APOPTOSIS 

Hemopoietic cells express a p53-dependent cell cycle G 1 phase arrest mediated by 
cyclin-dependent kinase inhibitor 1 A (p21/Cip1/ CDKN 1 A) or p53-dependent apoptosis 
in response to a variety of stress stimuli. Using immunohistochemical techniques for 
p53 and p21 protein expression, preliminary time-response studies demonstrated that a 
maximal response could be detected at 3 hours after a range of doses in both C57BL/6 
and CBA/Ca mouse strains and at 50 mGy irradiation for both endpoints in C57BL/6 
mice. Samples for analysis in subsequent investigations were obtained 3h post
irradiation and there was no significant difference between C57BL/6 and CBA/Ca 
strains in the proportion of p53- or p21-positive cells in the femoral bone marrow of 
normal untreated 5 mice. After irradiation with 1.7, 5, 12 or 25 mGy X-rays, there was 
no significant increase in the proportion of p53-positive cells in C57BL/6 or CBA/Ca 
bone marrow and significant increases were not detected until exposure of 50 mGy for 
C57BL/6 bone marrow and 100 mGy for CBA/Ca bone marrow (Fig la). After 50 mGy 
(C57BL/6) and 100 mGy (CBA/Ca) exposure, there were correspondingly significant 
increases in the proportions of p21-positive cells (Fig 1 b ). Thus, for p53 and p21 
expression there was no significant dose response over the range 0-25 mGy. 
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Figure 1. Dose responses in bone marrow after in vivo X-irradiation. C57BU6 (•)and CBA/Ca (•) 
strains. Mean± sem of% positive cells for p53 (a), p21 (b), Caspase-3 (c) or TUN EL (d). 

To determine the proportion of cells responding to radiation-induced damage with an 
apoptotic response, the proportions of Caspase-3-positive cells and TUNEL-positive 
cells in the bone marrow of irradiated mice . were determined. For both CBA/Ca and 
C57BL/6 mice, doses below 100 mGy produced no significant increase in Caspase-3-
positivity (Fig 1 c ). After 200 mGy exposures th~ proportion of Caspase-3-positive cells 
is greater than controls for both CBA/Ca and C57BL/6 bone marrow and after 500 mGy 
exposures the proportion of TUNEL-positive cells is significantly increased (Fig Id). 
For both strains and for both assays there are significant dose-dependent increases at 
higher doses. These data indicate that primary bone marrow cells do not show a short
term stress response to low levels of radiation-induced damage. 

2.2. LACK OF AN IN VITRO LOW-DOSE BYSTANDER STRESS RESPONSE. 

At the lowest X-irradiation doses studied, where not all cells in the bone marrow would 
have been irradiated, if bystander responses were operating they would be expected to 
enhance the consequences of irradiation producing a greater than expected response in 
one or more of the endpoints that we have studied. As there was no evidence of any 
enhancement at very low doses in vivo and most bystander experiments have used in 
vitro models an in vitro experiment was performed using a media transfer protocol and 
also a transwell insert culture dish system such that the non-irradiated cells shared the 
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culture medium but were not in direct contact with irradiated cells. Using the media 
transfer protocol (Table I), the percentage of cells exposed to media obtained from I. 73 
mGy irradiated cells expressing p53 (4.3%) was not greater than cells receiving media 
from sham-irradiated control cells ( 4. I%). 

Table 1. Lack of bystander response in vitro. 

p53- Positive cells (%) Caspase 3 positive cells(%) 

Treatment Control 1.7 mGy 3 Gy Control 1.7 mGy 3 Gy 

Media transfer 4.1 4.3 3.6 3.8 4.2 4.2 

Co-culture 3.0 2.9 2.9 3.1 3.4 3.3 

Similarly, in a co-culture situation there was no evidence for a bystander-mediated 
increase in p53 expression with 2.9% cells expressing p53 not being greater than for 
cells in communication with sham-irradiated control cells (3.0%). Increasing the 
exposure dose to 3 Gy failed to produce a bystander-mediated increase in p53 positive 
cells. The same results are shown for Caspase-3 staining (Table I). These data indicate 
that primary bone marrow cells do not show a short-term bystander response to low 
levels of radiation-induced damage and the question arises as to whether there ts a 
delayed non-targeted effect. 

2.3. A THRESHOLD FOR EXPRESSION OF RADIATION-INDUCED CHROMOSOMAL 
INSTABILITY 

One of the longer-term radiation-induced non-targeted effects in bone marrow is the 
induction of a genotype-dependent chromosomal instability phenotype where ongoing 
chromosome breakage is reflected by significant increases in chromatid-type 
aberrations2• Previously, 3 Gy X-irradiated CBA/Ca mice had been shown to 
demonstrate such instability 14•19 and in the present study at 30 and I 00 days after whole 
body irradiation with doses up to 500 mGy (Table 2) there was no evidence for the 
expression of cytogenetic aberrations (overall, 0.0041 aberrations per cell) being greater 
than the control levels (0.0044 aberrations per cell; p = 0.5594). However, consistent 
with previous data 14"19, 3 Gy (3000 mGy) X-irradiation resulted in a significant increase 
of chromatid-type aberrations (p = 0.0020) and the elevation after I Gy (p = 0.0346) 
was not significantly different from the elevated levels after 3 Gy (p = 0.2887). 
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Table 2. Dose-response for radiation-induced chromosomal instability 

30-100 days post-irradiation. 

Dose, Cells with aberrations Aberrations I cell Chromosome I Chromatid 

mGy 30 days 100 days 30 days 100 days (30 days only) 

0 4 I 908 0.004 3 : 1 

1.7 0 I 132 0 I 175 0 0 

5 I I 146 0 I 193 0.007 0 0: 1 

12.1 3 I 346 1 I 174 0.009 0.006 0:3 

25 0 I 205 0 

50 1 I 446 0.002 1: 0 

100 3 I 611 0.006 2: I 

500 1I384 0.003 1 : 0 

1000 6 I 571 0.011 1 : 5 

3000 12 I 730 6 I 275 0.016 0.022 2: 10 

3. Discussion 

The findings of the present study provide no evidence for bystander enhancement of 
damage signaling and no dose-dependence of short-term (p53, p2 l and apoptotic 
responses) in mouse borte marrow cells after exposure to very low doses of X-rays. 
Thus, there is no evidence of a linear response at low doses but instead an unexpected 
threshold where significant p53 pathway responses are initiated (approximately 50 mGy 
for C57BL/6 and 100 mGy for CBA/Ca bone marrow) which then increase linearly with 
dose above that threshold. 

There maybe detection of irradiation at low doses by cells in some mice. Figures 
1 a, 1 b show enhanced levels of p53 and p2 l at doses up to the threshold. But this non
significant increase is due to much higher response of some mice (Fig. 2). At doses of 
50 mGy (the threshold) and I 00 mGy all responses are higher than the mean control 
level indicating that all mice demonstrate response to irradiation. At the lower doses 
most mice respond similarly to controls but in about 15% of mice the proportions of 
p53 positive cells are higher than in controls and those animals may represent the 
radiosensitive part of population. So, in the same population of inbred mice variability 
of responses to low dose radiation is observed. 
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Figure 2. p53 responses in the bone marrow of C57BL/6 mice after exposure to low dose in vivo X-irradiation. Each dot 
is represented by a single mouse. 

The chromosomal instability in bone marrow demonstrated in vivo after 3 Gy total body 
irradiation is consistent with previous studies of high doses of sparsely ionizing 
radiation 14•17•19• However, at the lowest doses studied in the present study, there was no 
evidence for such instability indicating that, similar to the damage response signalling, 
there is a threshold for the detection of this response. The threshold of 1 OOO mGy for 
expression of significant chromosomal instability is approximately an order of 
magnitude greater than the threshold for p53 pathway signalling. In contrast to these 
findings for sparsely ionizing low-LET radiation, our previous study of bone marrow 
cells irradiated with a low dose of densely ionizing high-LET alpha-particles (low 
fluence with a Poisson distribution and a mean of one particle per traversed cell) 
resulted in significant expression of chromosomal instability in vitro23 and in vivo24• 

Like our previous study of bone marrow cells irradiated with a low dose of alpha 
particles24, many of the studies of non-targeted effects relate to cells exposed to low 
fluences of alpha-particles or microbeam-generated charged particles (densely ionizing 
high LET radiation). In these situations those cells that are traversed by a single particle 
receive a substantial dose (- 0.3-0.5 Gy) and sustain damage that is much greater and 
more complex than is the case for cells irradiated with low doses of sparsely ionizing 
low-LET X- o.r y-rays, where a single radiation track would deliver a dose of the order 
of I to a few mGy to the irradiated cell 11 •12• It is important to be clear as to what is 
meant by a low and high dose to the individual cell or to population of cells in this 
context. 
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I. . d f d' . . d d d f'C . . 7 25 26 b There are 1m1te reports o ra 1at10n-m uce non-targete e 1ects m v1vo · · ut 
evidence for such effects in vivo after low doses of low-LET radiation is generally 
lacking. Prior to the recent interest in bystander effects detected using in vitro systems 
there were many reports that clastogenic activity, capable of causing chromosome 
breaks in unirradiated cells, may be detected in blood plasma after high dose radiation 
exposures. Evidence for such clastogenic factors has been obtained from a number of 
sources including radiotherapy patients, atomic bomb survivors (31 years after 
exposure), Chernobyl salvage workers and a variety of individuals with chromosome 
instability syndromes and inflammatory disorders20-22•27• Clastogenic activity is 
associated with lipid peroxidation products28 and cytokines29 and regarded as a 
biomarker of oxidative stress30.3 1. Clastogenic factors may provide a mechanistic link to 
'out of field' or abscopal effects where radiation treatment to one local area of the body 
results in an antitumor effect distant to the radiation site. This abscopal effect was 
originally described in 1953 32 and clinical reports are generally descriptive33 providing 
little insight as to mechanism. However, there are reports34-37 that implicate damage 
responses involving oxygen radicals produced as a result of the induction of 
inflammatory cytokines. It is also of interest the Japanese A-bomb survivors 
demonstrate evidence of persisting inflammation38•39. Taken together, the various 
studies implicate inflammatory-type responses as contributing to potential health 
consequences of radiation exposure. 

Considerable progress has been made in understanding the cellular and molecular 
events that are involved in the acute inflammatory response to infection but responses to 
tissue injury are much less well understood 40. The generation of clastogenic factors 
and induction of abscopal effects are associated with high dose exposures and a case 
can be made for tissue responses contributing secondary cell damage as a consequence 
of inflammatory responses to radiation-induced injury rather than any direct interaction 
between irradiated and non-irradiated cells. It is, therefore, far from clear how readily 
one may extrapolate simply from the in vitro investigations demonstrating direct 
interactions between irradiated and non-irradiated cells to in vivo scenarios. In the 
present study, using relevant exposures and a radiobiologically-relevant tissue, the 
findings provide no support for arguments that in vivo effects after very low doses of 
sparsely ionizing, low-LET radiation may be significantly greater than expected by 
extrapolation from high doses. On the contrary the data demonstrate the opposite as 
responses are less than expected and show that biological responses at low doses in vivo 
are not necessarily linearly related to dose and demonstrate, for the first time, a response 
threshold in primary bone marrow. 
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