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Foreword

Since the last century, man has made extensive use of nuclear energy. From time
to time, radiation accidents caused by the malfunction of nuclear power plants have
occurred. Radionuclides that originated with accidents in Chernobyl and Fukushima
have been detected around the world. Radiobiology has always been topical; it
has obtained special significance today. Investigations of the last two decades have
revealed bystander effects and genomic instability induced by radiation stress that
increased the effect of low doses.

In ecology, it is difficult to determine the influence of low radiation sources on
organisms by standard biological methods: we can often simultaneously register
reduction of the organisms’ survival in the population and reduction in the frequency
of their cells with chromosomal abnormalities. This paradox leads us to the
question: “Is radiation stress harmful or useful?”” An approach to understanding low-
dose effects is the use of statistical modelling, which was the method used by the
authors of this book.

Statistical modelling is widely used for solving physical problems. In biology,
these methods were used by R.A. Fisher, and developed by H.A. Orr. It was
shown that organisms are geometrically distributed according to their fitness in a
given environment. In this book, the methodology of statistical modelling is used
in radiobiology. The authors consider distributions of irradiated organisms and
cells on the number of abnormalities. The observed regularities reflect adaptation
processes coupled with instability. The values of distributions can be used for
estimation of damaging and death processes of cells and organisms in populations
that experienced radiation stress.

The strength of these investigations is in the experimental basis of the calcu-
lations. Consideration of the ideas of bystander effects and methods of statistical
modelling has suggested that irradiation that does not exceed natural background
is associated with adaptation and instability processes. These effects were demon-
strated in the ecological samples of plant populations growing around the nuclear
plant. The authors also showed that chromosomal instability continues in progeny of
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viii Foreword

people living in areas that experienced fallout from nuclear tests 50-60 years ago.
This method makes it possible to calculate risks of chromosomal instability more
correctly than on average biological values.

To summarize, the developed methodology can be used not only for radiation
ecology and epidemiology, but in radiotherapy, ecology, sociology and other fields
for the consideration of processes induced by environmental factors.

Professor at McMaster University Prof. Colin B. Seymour
Hamilton Ontario, Canada



Preface

Our investigations began in the final decade of the last century when radiobiologists
were debating whether the impacts of low-dose irradiation are harmful or beneficial.
These discussions were incited by the Chernobyl catastrophe, after which large
areas were polluted with radioactive materials. At that time, it was suggested that
perturbed health in irradiated people was caused merely by irradiation phobia.

To move beyond this argument, we initiated investigations using plants: a pea
pure line! and a natural population of plantain, which is a favorite subject of
radioecologists due to its prevalence. The ability to conduct radiation experiments
with plant seeds was also important, because seedling apical meristems are a good
model of bone marrow stem cells. We used a pea pure line in laboratory experiments
and we investigated plantain populations near the Balakovo nuclear power plant.

The State Committee on Protection of the Environment in the Saratov Region
and the Ecology Department of the State Saratov University assisted us in choosing
plantain populations in a 30-km zone around the nuclear plant and provided
information on radiation and environmental conditions in this region. It is important
that the nuclear plant performed normally at this time (1998-1999); its fallout in
this region, if any, did not enhance natural ground radiation (0.10-0.15 pwSv/h).

Cytogenetic,> dosimetric and chemical analyses® were performed at the Joint
Institute for Nuclear Research (JINR). Laboratory studies and investigations of
natural populations were analyzed in parallel. In both cases, increased numbers
of chromosomal aberrations were registered, which can be understood because
low-dose radiation induces chromosomal aberrations that can accumulate and then

!'Seeds were kindly provided by Prof. G. Debelyj, Moscow Institute of Agriculture, Nemchinovka.

2Methods were provided by radiobiologists of the laboratory of Prof. V.A. Shevchenko (Vavilov
Institute of General Genetics, RAS, Moscow) and the Russian Institute of Agricultural Radiology
and Agroecology, RAAS (Obninsk).

3Correlations between the chemical pollutants, biological values and nuclear power plant fallout
were analyzed.
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X Preface

lead to cell adaptation or death.* These results were verified by investigations of
bystander effects® and hypermutagenesis.® We used statistical modelling to study
regularities in the appearances of abnormal cells and chromosomes.

Fitting distributions of numbers of abnormalities in seeds and cells revealed
combinations of Poisson and geometric statistics.” Poisson statistics describe the
independent appearances of primary and late damages, and geometric statistics
describe selection. Both together describe the processes of adaptation induced by
primary impacts, which appears as time-dependent, non-random mutagenesis cou-
pled with selection. These regularities were discussed with Profs. V.B. Priezzhev,
G.A. Ososkov (JINR) and other mathematicians. The values of the Poisson and
geometric distributions determine their biological interpretation. Thus, we studied
the processes of adaptation induced in seed populations and in seedling apical
meristems in terms of irradiation dose rates.

Our investigations inspired us, and we began to study problems of statistical
modelling of the appearance of abnormal lymphocytes in the blood of individuals
living in sites impacted by radiation. We verified that the distribution of individuals
on the frequency of abnormal cells can be used to analyze instability processes.®
We also wished to study instability processes across generations. For our modelling,
we chose investigations of blood lymphocytes of individuals living in the settle-
ments of Samburg (Tyumen region) and Maloe Goloustnoe (Irkutsk region), which
experienced fallout from nuclear tests (1950) in Novaya Zemlya and Semipalatinsk,
respectively. Cytogenetic studies of the blood of individuals living in these sites
were collected over several decades at the Novosibirsk Institute of Cytology and
Genetics of the Siberian Branch of the Russian Academy of Sciences.

Unfortunately, there are no data concerning cumulative doses by individuals from
fallout in Samburg, although a dramatic increase in malignant changes of lungs and
digestive organs was documented (investigations provided since 1960). In Maloe
Goloustnoe, the accumulated dose by individual from fallout could be 10-40 cSv
(an estimate by some authors). At present, '3’Cs contaminations are 153 and 118
Bg/kg (lichen and venison, respectively) in Samburg,” and 55 Bg/m? (soil) in Maloe
Goloustnoe.'?

“These ideas were based on investigations by Prof. V.I. Korogodin on chromosomal instability
(1970) and transcription-regulated mutagenesis (1980).

5By Prof. C. Mothersill and Prof. C.B. Seymour.

By Prof. S. Rosenberg.

"The methodology and methods of fitting were discussed with Prof. G.A. Ososkov (JINR).
8The proof was published in J. Math. Biol. and Bioinformatics (in Russian).

Data of the Analytical Centre of the Siberian Branch of the Russian Academy of Sciences, which
investigates radionuclide contents in lichen, moss, venison etc.

1°Dosimetric analyses were performed independently by the radiation monitoring services of

Irkutsk, Angarsk, and Novosibirsk, which study radiation effects of nuclear tests in the Semi-
palatinsk polygon on the South Baikal side.



Preface xi

The modelling clarified some conclusions: time-dependent adaptation proceeds
constantly in the environment; it is coupled with instabilities and selection; and
their risks can be estimated by statistical modelling. The statistical approach is
qualified to investigate the processes induced by the low factors and accompanied
by Darwinian selection in different systems. These notions are especially useful
to specialists in radiation pollution, ecology, epidemiology, and radiology for the
studies of radiation-induced processes. The offered method could be successfully
developed by investigators of low-dose effects in other fields.

The ideas and investigations of Prof. Vladimir I. Korogodin were the basis
of our adaptation modelling. In addition, we are grateful to several scientists
who contributed significantly to these investigations: Prof. V.B. Priezzhev
(notions on self-organization of the matter); Prof. G.A. Ososkov (methods
of fitting); Prof. J.W. Drake (adaptive mutagenesis and evolution); and Prof.
Yu.A. Kutlakhmedov (radioecology notions). We thank Prof. E.B. Burlakova,
who supported us at the beginning of our investigations; this was very important.
Professors C.Mothersill, G.G. Polikarpov, C.B. Seymour, and A. Yablokov
supported our efforts to preserve Nature.

Dubna, Russia Victoria L. Korogodina
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Chapter 1
Introduction

Abstract In recent times, many researchers have studied general mechanisms of
low-dose radiation effects and have published descriptions of a wide variety of
radiation-polluted territories. However, there have not yet been enough analytic
investigations of the processes of adaptation. The purpose of this book is to describe
those processes of adaptation that are induced by the radiation factor in cells, tissues,
and populations. They were examined through a method of statistical modelling
that is suitable for analyzing those cases when the radiation factor is comparable
with the background. Statistical modelling identifies the processes of the changes’
appearance with a statistical description of the fitted system structure on the number
of changes. Statistical modelling is an instrument which separates reactions of
resistant and sensitive subpopulations. This approach gives us an opportunity to
calculate the risks of instability leading to both the accumulation of abnormalities
and selection processes. Statistical modelling is a technique that can be successfully
developed by investigators of low-dose effects in different fields.

Keywords Aims of investigation * Radiation-induced processes ¢ Adaptation °
Statistical modelling ¢ Instability * Darwinian selection

At present, there are vast areas that are polluted by radiation in locations around
the world, and the number of such territories is increasing. These territories are
especially dangerous because radiation effects continue through generations of
living organisms. This reality motivated our research into the adaptation processes.
Systematic investigations of the influence of radioactivity on biota were first
provided in the 1950s by N.W. Timofeeff-Ressovsky along with his colleagues in his
laboratory in the South Urals. At the same time, the famous Timofeeff-Ressovsky
school appeared and it significantly contributed to the studies of radiation genetics,
radiobiology, and radioecology. We will present several investigations of that kind,
although they were published only in the Soviet Union at the time owing to the
reality of the cold war.

V.L. Korogodina et al., Radiation-Induced Processes of Adaptation: 1
Research by statistical modelling, DOI 10.1007/978-94-007-6630-3_1,
© Springer Science+Business Media Dordrecht 2013



2 1 Introduction

In the previous two decades, the efforts of radiobiologists were concentrated
on investigations of low-dose irradiation, mainly motivated by the Chernobyl
accident. Up to the present moment the general regularities of radiation effects
have been studied: it has been shown that a low radiation factor induces the
bystander effect (Mothersill and Seymour 2001), genomic (Morgan 2003a, b) and
transgenerational (Dubrova 2003) instability. Microbeam technology allows one to
demonstrate that targeted cytoplasm irradiation results in mutations in the nuclei
of hit cells and the presence of non-targeted effects (Prise et al. 1998; Prise 2006).
Recent studies have shown that irradiation alters epigenetic characteristics which
regulate gene expression in directly exposed tissues as well as in distant bystander
tissues (Kovalchuk and Baulch 2008). Radiation ecologists and epidemiologists
have collected data on low-dose radiation effects by monitoring polluted areas
(Yablokov et al. 2009). Nowadays it is clear that the effects of radiation impact
can continue in populations for some decades (Yablokov et al. 2009; Shevchenko
et al. 1992; Tanaka et al. 2006).

The above investigations have discovered the mechanisms of the bystander
effect and genomic instability induced by low-dose radiation, while the others
relate to the monitoring of polluted areas. The purpose of our investigation is to
describe and analyze these radiation effects as the processes induced in cells, tissues,
and populations. It is the adaptation processes that always take place in living
matter. This viewpoint helps us to understand the nature and factors of the induced
processes, as well as to determine the characteristics of observed radiation effects
and their limitations.

Such investigations can be performed by means of statistical modelling on
the basis of distribution of the number of abnormalities. Statistical modelling
is a delicate instrument which separates the reactions of resistant and sensitive
subpopulations. It allows one to consider the processes induced by low-dose
radiation when radiation intensity does not exceed the background. This approach
gives us an opportunity to calculate the risks of instability leading to both the
accumulation of abnormalities and selection processes.

The developed method is qualified to investigate the processes induced by
the low factors and accompanied by Darwinian selection in different systems.
Its idea consists of the following: stress factors induce a cascade of successive
random changes in biological systems. Such processes are always accompanied by
Darwinian selection, which eliminates variants unfit for the new conditions. The
statistical modelling identifies the processes of the changes’ appearance with the
statistical description of the fitted system structure on the number of changes. It
appears that this statistical description is specific, and parameters of distributions
can be used to study the characteristics of fit processes and system resistance.
This book includes experimental studies, theoretical investigations and examples
of calculations that enable one to use statistical modelling in practice.

This book has eight chapters, including an Introduction (Chap. 1). The second
chapter (Chap. 2) presents a brief review of the phenomenology and mechanisms
of low-dose radiation effects. The consequences of the background-level radiation


http://dx.doi.org/10.1007/978-94-007-6630-3_1
http://dx.doi.org/10.1007/978-94-007-6630-3_2

References 3

tend to provoke many debates, and the mathematical bases of the adaptation
model (Florko and Korogodina 2007; Florko et al. 2009) are shown (Chap. 3)
to verify the conclusions. The lab studies of pea seeds are presented (Chap. 4)
to demonstrate the general radiation effects induced by the precisely measured
low irradiation (Korogodina et al. 2005). In Chap. 5, the presented ecological
investigations show the process of adaptation to radiation fallout in natural plantain
populations growing in the 30-km zone of an operating nuclear power station
(Korogodina et al. 2010). Chapter 6 presents studies on the blood lymphocyte cells
of individuals living in territories which experienced nuclear test fallout more than
50 years ago and which have demonstrated radiation-induced chromosomal insta-
bility across four generations (Korogodina et al. 2010). The Conclusion (Chap. 7)
formulates some general principles of the adaptation model and its consequences.
The Application (Chap. 8) contains a description of methods, approximations, and
calculations.

First of all, this book is addressed to specialists in radiation pollution, ecology,
epidemiology, radiology, and also social sciences. The method offered can be
successfully developed by investigators of low-dose effects in other fields. It
contains approaches to solving the problem of correct fitting for small statistics,
which is an essential part of such research. The book presents pioneering and
valuable investigations in this field in Russia which were long unknown to Western
scientists.
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Chapter 2
Disturbance of Hereditary Material Reserves
Is the Main Instrument of Stress

Abstract This review presents data on the low-dose radiation effects and their
mathematical models. Its purpose is to demonstrate that radiation stress leads to
processes of instability that can be revealed as different phenomena. The phenomena
of radioadaptation, nonlinear response induced by low-dose irradiation, hormetic
effect, and continued instability across generations, and stimulation of proliferation
are considered. Our special interest is the investigation of the bystander effect which
clarified some of these phenomena. The regularities of the bystander effect, genomic
and transgenerational instability are considered. The modelling of these radiation
effects is discussed: the models offered by Yu.G. Kapultsevich (probabilistic), D.J.
Brenner et al. (“Bystander and Direct”), H. Nikjoo and I.K. Khvostunov (Diffusion
model), and B.E. Leonard (“Microdose Model”) are presented. The investigations
of Russian scientists and the Timofeeff-Ressovsky school are presented as being
of special interest to Western scientists owing to this information not having been
published in the West due to the cold war.

Keywords Low-dose irradiation ¢ Radioadaptation ¢ Nonlinear response
Hormetic effect ¢ Stimulation of proliferation ¢ Bystander effect * Genomic
instability ¢ Transgenerational instability ¢ Probabilistic model ¢ Bystander and
Direct model ¢ Diffusion model * Microdose Model

2.1 Preamble

In 1939 N.W. Timofeeff-Ressovsky published the fundamental ideas of the mi-
croevolution process (Timofeeff-Ressovsky 1939). He considered dramatic fluc-
tuations of genotype material in populations leading to the high mortality of
organisms as essential equipment for evolution because a new genotype can only
be multiplicated at low concentrations of the existing ones.

Such a situation is realized by a stress factor: its mechanisms rapidly increase
the number of new mutations in the population coupled with a strong selection of

V.L. Korogodina et al., Radiation-Induced Processes of Adaptation: 5
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the fitted genotype. The regularities of the stress response are the same for any live
system, although the details can alter at different levels of life organization. This
chapter considers the disturbance of hereditary material reserves' by stress as its
main instrument, and some principles of adaptation will be demonstrated.

2.2 Low-Dose-Radiation Effects

2.2.1 Some Regularities of Adaptation in Pre-molecular
Investigations

History of the investigations of low-dose-radiation effects: In the mid-1950s,
investigations of low-radiation biological effects were organized in the USSR at the
South Urals laboratory by Nikolay W. Timofeeff-Ressovsky (Timofeeff-Ressovsky
and Tyuryukanov 2006; Timofeeff-Ressovsky and Timofeeff-Ressovskaya 2006).
N.W. Timofeeff-Ressovsky and his laboratory researchers N.V. Luchnik, N.A.
Poryadkova, E.I. Preobrazhenskaya, and others described a nonlinear dependence
of cytogenetic effects on the radiation dose (Timofeeff-Ressovsky et al. 1950-
1954; Timofeeff-Ressovsky 1956; Luchnik 1958) (the proportional dependence of
mutation frequency on dose irradiation had been established earlier (Timofeeft-
Ressovsky et al. 1935)). This was the first biological description of the non-linear
effects induced by the low-radiation factor. From the 1960s on, the research
by N.W. Timofeeff-Ressovsky and his colleagues was continued at the Russian
Institute for Medical Radiology in Obninsk where the famous Timofeeff-Resovsky
radiobiological school was established (Korogodin 1993).

The phenomenon of radioadaptation: In the mid-twentieth century, anthropogenic
radioactive contamination of territories became a significant factor in ecology,
and adaptation of natural populations to irradiation was systematically studied. In
the USSR these investigations were mainly performed at the Russian Institute of
Agricultural Radiology and Agroecology (Obninsk) and the N.I. Vavilov Institute of
General Genetics (Moscow). The scientists of these institutes studied the influence
of an artificially high radiation background on the natural plant populations
(Cherezhanova and Alexakhin 1971) in the zone of the Kyshtym and Chernobyl
accidents (Shevchenko et al. 1999).

The analysis of the consequences of the Kyshtym radiation accident in the South
Urals (1957) showed a high variability of cytomorphological and physiological
characteristics in plants (reviewed in (Pozolotina 1996)). The scientists described
the plant radioresistance increasing under chronic irradiation. This phenomenon was
called “radioadaptation”. V.A. Shevchenko suggested that the population divergence

"Here we consider the changes of cells and chromosomes.
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on radiation resistance was related to changes in the repair system efficiency
(Shevchenko et al. 1999).

These results agree with the increased mutation frequency in barn swallows
(Ellegren et al. 1997) and in wheat upon chronic exposure to the ionizing radiation
produced by the Chernobyl accident (Kovalchuk et al. 2000, 2003).

The nonlinear response induced by low-dose irradiation: In the mid-1990s,
E.B. Burlakova published the results of the experiments in Russian journals, which
showed the following: the low-dose-radiation effect has a non-monotonic character;
there is an inverse relation of the low-dose effect on radiation intensity; the response
depends on the initial characteristics of biological objects; low-dose-rate radiation is
more effective than acute in some intervals (Burlakova 1994; Burlakova et al. 1996,
1999, 2000). The hypothesis suggested that the repair systems induced by low-dose
radiation differed from those that worked at sub-lethal doses (Burlakova 1994).
Natural investigations have shown increased radiation efficiency in populations
polluted due to the Chernobyl (Geras’kin et al. 1998) and Kyshtym (Shevchenko
et al. 1992) accidents.

Both hypersensitivity and radioresistance was also demonstrated on mammalian
cells that were explained by the hypothesis of inducible repair systems (overviewed
in (Averbeck 2010)). It was shown that stress factors activate repair systems, the op-
eration of which results in an accumulation of abnormalities (Longerich et al. 1995).

At present, the nonlinear effects are considered to be the result of the bystander
effects and genomic instability coupled with the stress-induced specific repair
systems (Mothersill and Seymour 2005; Averbeck 2010). Although the nonlinear
dose-effect is described for different objects, it remains discussible (Zyuzikov et al.
2011; Little 2010). One of the debatable questions is a linear no-threshold concept
linked with the problem of radiation risks assessment (Vaiserman et al. 2010).

Hormetic effect: In the 1970s, data were published on the stimulation effect of low-
dose radiation. The so-called radiation-induced hormetic effects were discovered
in many branches of life sciences (Luckey 1980; Kuzin 1993; Petin et al. 2003)
including protection against spontaneous genomic damage (Feinendegen 2005).
This phenomenon can be explained by different reasons.

Hormesis induced by low-dose ionizing radiation often reflects stimulation of
cell proliferation (Gudkov 1985; Liang et al. 2011).

It was found that low-dose radiation induces an “adaptive response”, which
implies a pre-treatment of cells with a low-radiation dose followed several hours
later by exposure to a much higher dose (Upton 2001). The adaptive response
can reduce radiation-induced DNA damage, mutagenesis, and the frequency of
chromosomal aberrations, micronuclei and cell transformants. In (Rigaud and
Moustacchi 1996), the authors reviewed the experimental results showing that a
prior exposure to a low dose of ionizing radiation induces an adaptive response
expressed as a reduction of mutation in various cell systems. The published review
(Mothersill and Seymour 2004) considers how bystander effects may be related to
observed adaptive responses. In the authors’ opinion, it is possible that low-dose
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exposures cause removal of cells carrying potentially problematic lesions, prior to
radiation exposure. Then, the adverse, adaptive or apparently beneficial response
will be related to the background damage carried by the original cell population.

Continued instability across generations: As early as 1925, G.A. Nadson and
G.S. Filippov (1925) described the mutagenic action of radium on mold, fungi
and yeasts. Shortly thereafter, these authors reported the “en masse” appearance
of morphologically-diverse colonies and cells in the progeny of irradiated yeasts
(Nadson and Filippov 1932). These studies were stopped in the USSR after Filip-
pov’s death from tuberculosis in 1934 and Nadson’s arrest (1937) and execution
in 1939. In France, studies of this kind were started by Lacassagne and co-authors
(1939), but were terminated due to World War II.

At the end of the 1960s, V.I. Korogodin and his colleagues studied the so-called
“cascade mutagenesis” that is a continuous (several hundreds of cell generations)
appearance of new races (phenotypic variants) in individual unstable clones formed
with high frequency in diploid yeasts after ionizing radiation or any other mutagenic
treatment (Korogodin and Bliznik 1972). It was shown that cascade mutagenesis
was induced by primary sub-lethal lesions. The phenomenon is that the mutation
process, caused by a single irradiation act, occurs at a greater rate, much more than
1072 mutations per cell per division. In diploid cells, the effects of several primary
lesions may be summarized and inherited resulting in various mitotic disorders
(Korogodin et al. 1977). It was also shown that 60 % of new races were originated in
the shoulder region of the survival curve (Korogodin et al. 1972), and their number
increased under non-optimal conditions of cultivation (Bliznik et al. 1974). From
1972 to 1977, Korogodin and his colleagues showed the relation of this phenomenon
to chromosomal instability (a series of articles published in the Russian journal
“Radiobiologiya”, Vs. 12—17).

Proliferation: 1t was shown on human lymphocytes that cells at different stages
of the cell cycle differ in sensitivity (Boei et al. 1996). Thus, the cellular pop-
ulation consists of proliferated radiosensitive and radioresistant subpopulations,
and resistant resting cells. The heterogeneity of cells results in their different
proliferative activity (Gudkov 1985) and plays an important role in the preservation
of a proliferated cell pool.

The low-dose radiation activates division within the resting cells. For the first
time, Nikolay V. Luchnik published data on the stimulation of resting cells leading to
proliferation in plants (1958). He noticed that this mechanism was not compensatory
with respect to the cells’ killing, but independent.

2.2.2 Bystander Effect

History: A bystander effect was described by W.B. Parsons et al. (1954), who stud-
ied factors which induced chromosomal damages (clustogenic factors) registering
in the blood of irradiated patients as far back as 1954. By the description of the
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authors, the bystander effect was observed in the cells, which were non-irradiated
but still behaved the same as the irradiated ones: they died or demonstrated genomic
instability. In 1968, the data of such effects were described by other scientists (Goh
and Sumner 1968). In 1997, the hypothesis was offered by C.B. Seymour and
C. Mothersill that the signal (or factor) produced in a medium by an irradiated cell
was able to induce genomic instability-type effects in a distant progeny (Seymour
and Mothersill 1997). At present, the bystander effect induction is well-documented
at the low dose of soft and dense radiation (Little et al. 1997; Schettino et al. 2003),
both in vitro (Morgan 2003a) and in vivo (Morgan 2003b).

The standard paradigm of the radiation biological effect (“target theory”) lies
in the fact that biologically-meaningful consequences of that effect are connected
with DNA damage (Timofeeff-Ressovsky and Zimmer 1947). Particularly, double
strand breaks of DNA are the reason for mutations, transformation of cells and
their death (Pfeiffer 1998). In the 1990s, many reports on “non-targeted” effects
were published. But these effects were not the result of the direct radiation effect
for DNA. The authors observed abnormalities (chromatid exchanges (Nagasawa
and Little 1992; Little 2000), chromosomal aberrations (Little 2000; Lorimore and
Wright 2003), apoptosis (Mothersill and Seymour 1997, 2000), formation of the
micronuclei (Prise et al. 1998; Sedelnikova et al. 2007), cells’ transformation (Sigg
etal. 1997), mutations (Zhou et al. 2000) and the gene expression changes (Hickman
et al. 1994; Mothersill and Seymour 2001)) in non-irradiated cells, which were
neighbors of the irradiated ones.

The bystander effect was manifested through the use of several different meth-
ods: studies of the effect were performed in vitro by a microbeam at the Cancer
Institute (UK), when the fixed separate cells were damaged (Sawant et al. 2001;
Belyakov et al. 2002); in another instance, while transferring the non-irradiated cells
into the media where irradiated cells were cultivated, the effects were registered
among the non-irradiated cells (Mothersill and Seymour 1997, 1998; Nagar et al.
2003); and it was also shown to occur by means of the probability approach which
is based on irradiation of the cells’ culture at the minute particle flux (Nagasawa
and Little 1992; Deshpande et al. 1996). The main investigations were devoted
to the death of cells, mutations and chromosomal aberrations (Mothersill and
Seymour 2001). The bystander effect phenomenology was developed and published
in (Mothersill and Seymour 2001; Morgan 2003a, b; Little and Morgan 2003;
Lorimore and Wright 2003; Lorimore et al. 2003).

Dependence on the dose and dose-rate radiation: The authors (Schettino et al.
2003) studied the bystander effect induced by ultra-soft X-rays in V79 cells.
The linear-square law of the cell survival dependence on dose irradiation and
hypersensitivity were observed at low-dose radiation. The analysis of the distance
between the non-irradiated damaged cells and non-damaged cells showed the
clusters of bystander-damaged cells.

The bystander effect depends non-linearly on the dose irradiation (Hickman et al.
1994; Deshpande et al. 1996; Prise 2006), and its manifestation is maximal at low
doses (Belyakov et al. 2000). Some authors assume that induction of the bystander
effect has a threshold (Schettino et al. 2005; Liu et al. 2006).
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Signaling: induction, transference and reception: It is shown that irradiated
mammalian cells can generate and transmit signals to the non-irradiated neighbors
involving reactive oxygen species and nitric oxide species (Shao et al. 2006, 2008;
Kashino et al. 2007; Portess et al. 2007). There are different data concerning
the repair-deficient influence on the bystander responses (Mothersill et al. 2004;
Nagasawa et al. 2003).

C. Mothersill and C.B. Seymour assume that small proteins and peptides can be
signaling carriers from the irradiated cell to the non-irradiated one (2001); in some
cases, direct cell contact is needed, and in others, it is not (Mothersill and Seymour
2002). It was shown that reactive oxygen species, such as superoxide and hydrogen
peroxide, and calcium signaling are important modulators of bystander responses
(Lyng et al. 2006).

2.2.3 Genomic Instability

Studies of the bystander effects showed their involvement in the demonstration of
genomic instability. Genomic instability is characterized by increased changes in
the genome, and manifests itself as chromosomal aberrations, genetic mutations and
amplifications, late cell death, aneuploidy induction of micronuclei, and microsatel-
lite instability (Watson et al. 2000; Little 2000; Mothersill and Seymour 2001; Little
and Morgan 2003; Lorimore and Wright 2003; Lorimore et al. 2003; Kovalchuk
and Baulch 2008; Averbeck 2010). Radiation induces genomic instability in the
irradiated cell at delayed times after irradiation and in the progeny of the irradiated
cell (Little 2000). Such instability may be a prerequisite for cancer. Genomic
instability was observed in vitro (Morgan 2003a, 2011) and in vivo (Watson et al.
2000; Morgan 2003b, 2011).

Genomic instability was documented in blood samples from accidentally ir-
radiated individuals, individuals after radiotherapy, survivors of Hiroshima and
Nagasaki in 1977, liquidators and children of Chernobyl, human blood samples
irradiated in vitro, and patients with cancer predisposition syndromes (Bloom’s
syndrome, Fanconi’s anemia, Xeroderma pigmentosum) (Emerit et al. 1997).

The role of the dose and radiation quality: Genomic instability was observed both
at high and low linear energy transfer (LET) (Aypar et al. 2011). But investigations
have shown the LET-dependent induction and expression of genomic instabilities
(Okada et al. 2007; Aypar et al. 2011).

To investigate the long-term biological effect of extreme low-dose ionizing
radiation, the authors (Okada et al. 2007) irradiated normal human fibroblasts
with carbon ions and gamma-rays. These studies have indicated that high-LET
radiation (carbon ions) causes the effects which differ from those induced by low-
LET radiation (gamma-rays), and that a single low dose of heavy ion irradiation
can affect the stability of the genome of many generations after exposure. The
experimental results published in (Kadhim et al. 2006) assume that the dose might



2.2 Low-Dose-Radiation Effects 11

be the most significant factor in determining induction of genomic instability after
low-LET radiation. In (Aypar et al. 2011) the authors have tested the hypothesis that
irradiation induces epigenetic aberrations, which could eventually lead to genomic
instability, and that the epigenetic aberrations induced by low-LET radiation differ
from those induced by high-LET irradiations.

The authors (de Toledo et al. 2011) emphasize that the radiation dose and radia-
tion quality (LET) are very important in determining the nature of the induced effect.
Radiation type, dose rate, genetic susceptibility, cellular redox environment, stage
of cell growth, level of biological organization and environmental parameters are
the factors which modulate interactions among signaling processes and determine
short- and long-term outcomes of low-dose exposures.

2.2.4 Transgenerational Response

History: Enhanced genetic changes continuing in descendants were observed
and investigated by G.A. Nadson, B. McClintock, and C. Auerbach many years
ago (Nadson and Filippov 1932; McClintock 1938; Auerbach and Kilbey 1971).
These famous scientists considered radiation as an inductor of genomic instability
(Nadson and Filippov 1925, 1932; Auerbach and Kilbey 1971; McClintock 1984).
C. Auerbach obtained evidence of an increased mutation rate in the first-generation
(F1) Drosophyla offspring of exposed its parents (Auerbach and Kilbey 1971). In
the 1970s V.I. Korogodin and his colleagues investigated regularities of “cascade
mutagenesis” on yeasts, when appearance of new races (phenotypic variants)
continued in several hundreds of cell generations (Korogodin et al. 1977). Luning
et al. investigated the frequency of dominant lethal mutations in the germline
of non-exposed offspring of irradiated male mice, and obtained evidence for
transgenerational destabilization of the genome (Luning et al. 1976).

Transgenerational instability: In recent years, evidence has been obtained for the
induction of persistent elevated levels of mutation rates in the progeny of irradiated
cells both in vivo (Morgan 2003a) and in vitrro (Morgan 2003b). Dubrova et al.
(2000) showed elevated minisatellite mutation rates in the mouse germline by low-
dose chronic ionizing irradiation, and a potential contribution of genomic instability
to transgenerational carcinogenesis has been assumed (Dubrova 2003).

Many authors have reported that the offspring of irradiated parents demonstrate
transgenerational instability, and the number of affected offspring may substantially
exceed the one predicted by the target theory (Luning et al. 1976; Wiley et al. 1997,
Barber et al. 2006). The long-term destabilization of the genome could also lead
to cancer. In (Vorobtsova et al. 1993), the incidence of cancer in the offspring of
irradiated male mice painted with acetone or with acetone solution was analyzed.
The authors showed an elevated incidence of cancer among the offspring of the irra-
diated males. The studies of genetic instability across generations of low-dose-rate
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irradiated mice which indicated the genetic instability in the F1, F2, and F3
generations from the irradiated males were published in (Zaichkina et al. 2009).

Transgenerational response is an attribute of the genome-wide destabilization:
Investigations performed by Yu.E. Dubrova, R.C. Barber and their colleagues have
shown that the expanded simple tandem repeat (ESTR) mutation rate 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, are equally
elevated in both cases (Barber et al. 2006). Transgenerational changes in somatic
mutation rates were observed by studying the frequency of chromosomal aberrations
(Vorobtsova 2000), micronuclei (Fomenko et al. 2001) and lacl mutations (Luke
et al. 1997) in the F1 offspring of irradiated male mice and rats. The referred
data have demonstrated that exposure to ionizing radiation results in the induction
of a transgenerational signal in the germline of exposed parents which can then
destabilize the genomes of their offspring. Experimental studies on the transgener-
ational effects of post-Chernobyl paternal irradiation were performed and showed
an elevated frequency of chromosomal aberrations among the children of exposed
fathers (Aghajanyan et al. 2011).

Y.E. Dubrova (2012) analyzed the spectrum of delayed mutations resulting from
the ongoing instability, and demonstrated the difference from those resulting from
direct induction, which, at the same time, were very close to the spectrum of
spontaneous mutations. This means that radiation-induced genomic instability may
result from enhancement of the process of spontaneous mutation, and a genome-
wide destabilization of the F1 genome could be attributed to replication stress.

Epigenetic changes and non-targeted radiation effects: The data published indi-
cated that radiation-induced genomic instability, bystander, and transgenerational
effects may be epigenetically mediated (Nagar et al. 2003; Kaup et al. 2006; Jirtle
and Skinner 2007; Aypar et al. 2011). The epigenetic regulation of gene expression
includes DNA methylation, histone modification, and RNA-associated silencing
(Jaenisch and Bird 2003). Recent studies have demonstrated that ionizing radiation
exposure changes epigenetic parameters in directly exposed tissues and in distant
bystander tissues; transgenerational radiation effects were also proposed to be of an
epigenetic nature (reviewed in (Kovalchuk and Baulch 2008)).

2.3 Modelling of the Radiation Effects

2.3.1 Probability Models

In 1935, N.W. Timofeeff-Ressovsky, K.G. Zimmer and M. Delbriik (Timofeeft-
Ressovsky et al. 1935) published the paper “Uber die Nature der Genmutation
und der Genstruktur”, in which they described quantitatively the dependence of
gene mutation frequency on the dose irradiation in Drosophila. The “hit principle”
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and “target theory” were formulated in monographs by D.E. Lea (1946) and N.W.
Timofeeff-Ressovsky and K.G. Zimmer (1947) in 1947-1948. The model postulated
a single hit in a single target as a “triggering event” and explained the exponential
form of the survival curve for single-hit events, i.e., the survival of irradiated viruses.

The sigmoid form of the curve “dose-effect” was investigated by Y.G.
Kapultsevich and his colleagues (Kapultsevich and Petin 1977; Kapultsevich 1978).
The Kapultsevich model postulates that the registered effect in cells is the result
of a number of discrete damages caused by hitting in intracellular structures (“the
targets”). The number of such damages is Poisson-distributed in cells. The authors
studied the probability of cell division depending on the number of damaged targets.
This probability model describes quantitatively the regularities of cell division in a
wide interval of sub-lethal-dose irradiation (Kapultsevich 1978). This model doesn’t
consider the time-dependence of cell damaging.

2.3.2 Theoretical Models of Bystander Effects

Single-cell irradiators and new experimental assays are rapidly expanding the
ability to detect a subtle biological phenomenon such as the bystander effect.
Mathematical models are needed to interpret the results of the microbeam and low-
dose experiments. Although there is increasing evidence that the bystander effects
play an important role in the low-dose-radiation response, some models have been
developed to account for these phenomena.

“Bystander and Direct” model. Brenner et al. (2001; Brenner and Sachs 2002)
offered the so-called “Bystander and Direct” (BaD) model to explain the results of
the a-particle microbeam experiments. The authors postulated a bimodal character
of the bystander effect: “all” or “nothing” in the cells of a small bystander-
hypersensitive subpopulation. The cells of this subpopulation are also sensitive to
a direct hit of particles which inactivates cells. For a-particles the whole effect (Y)
summarizes actions of the direct hit (D) and bystander effect (B): Y =B + D.

Cells that are directly damaged emit signals to the nearest cells that are not.
The model doesn’t consider the nature of the signal (k), which is the model
parameter. Let us suggest that if the a-particle hits the cell, then any of the nearest
hypersensitive k cells will be activated.

Non-hypersensitive cells can be activated only through a direct hit by the a-
particle. Therefore, statistics of these events are a standard Poisson law. Its sample
mean can be determined by a formula D = uN, where N is an averaged number of
particles per cell nucleus, and u is the other model parameter. Thereby, the model
has two parameters.

These premises make it possible to describe satisfactorily the data presented in
(Brenner et al. 2001). It is shown that an increase of exposure time at a constant
irradiation dose leads to the inverse dose-rate-effect that is the increasing of the
Y effect at the decreasing of the dose-rate-irradiation. The analysis has shown
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that the bystander effect is observed only at low doses of ~0.2 cGy and less. At
the lower doses, the bystander effect can dominate. If we are to extrapolate the
risk from the sub-lethal dose interval where the direct hitting effects dominate, the
underestimation of low-dose-radiation risk is possible.

Diffusion model: H. Nikjoo and I.LK. Khvostunov (2004) developed a model
of the radiation-induced bystander effect based on the diffusion principle of
signal transferring. The Bystander Diffusion Model (BSDM) assumes that a low-
molecular-weight protein can be emitted as the signal carrier from the damaged
cell and diffuses in intercellular media to the undamaged cell. Cell inactivation
and induced oncogenic transformation by the microbeam and broadbeam irradia-
tion systems were considered. The model postulates that the bystander response
observed in non-hit cells originates from specific signals received from inactivated
cells. The bystander signals are assumed to be protein-like molecules spreading
in the culture media by Brownian motion. The bystander signals are supposed
to switch cells into a state of cell death (apoptotic/mitotic/necrotic) or induced
oncogenic transformation modes. The model predictions for cell inactivation and
induced oncogenic transformation frequencies closely correspond to the observed
data from microbeam and broadbeam experiments.

The model can be used to explain the survival of cells studied in experiments on
transferring the unirradiated cells into the irradiated cell cultural media. This model
is also applicable to interpreting the dose-effect curve for survival and carcinogenic
transformation of the cells irradiated by alpha-particles. In the case of irradiation
with a constant fraction of cells, the transformation frequency for the bystander
effect increases with the increase of the radiation dose. The BSDM predicts that
the bystander effect cannot be interpreted solely as a low-dose-effect phenomenon.
It is shown that the bystander component of the radiation response can increase
with the dose and can be observed at high doses as well as low doses (Nikjoo and
Khvostunov 2004). The validity of this conclusion is supported by the analysis of
experimental results from the high-LET microbeam experiments.

A composite microdose adaptive response and bystander effect model: 1t is known
that an adaptive response may reduce risks of adverse health effects due to ionizing
radiation. But very low-dose bystander effects may impose dominant deleterious
human risks. These conflicting effects contradict the linear no-threshold human
risk model. The dose and dose-rate-dependent microdose model, which examines
adaptive response behavior, was described by B.E. Leonard in (Leonard 2008a). The
purpose of this work was to obtain new knowledge regarding adaptive response and
bystander effects, and illustrate the use of the model for planning radiobiological
experiments.

In (Leonard 2008a, b), the author published his work, which provides a com-
posite, comprehensive Microdose Model (MM) that is also herein modified to
include the bystander effect. The MM describes the biophysical composite adaptive
response and bystander effects and quantifies the accumulation of hits (Poisson
distributed, microdose specific energy depositions) to cell nucleus volumes. This
model gives predictions of the dose response at very low-dose bystander effect
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levels, higher-dose adaptive response levels and even higher-dose direct (linear-
quadratic) damage radiation levels. The author found good fits of the model to
both bystander effects data from the Columbia University microbeam facility and
combined adaptive response and bystander effects data for low- and high-LET data.

The five features of major significance provided by the Microdose Model
(Leonard 2008a) so far are: (1) single specific energy hits initiate adaptive response;
(2) mammogram and diagnostic X-rays induce a protective bystander effect as well
as adaptive response radioprotection; (3) for mammogram X-rays, the adaptive
response protection is retained at high primary dose levels; (4) the dose range of
the adaptive response protection depends on the value of the specific energy per hit;
(5) alpha-particle-induced deleterious bystander damage is modulated by low-LET
radiation.

2.4 Probability Approach to Risk Assessment
of the Chromosomal Instability

Apparently the data mentioned above can be interpreted in different terms, including
the “harmful” or “useful” aspects of the phenomena (Burlakova et al. 1996;
Mothersill and Seymour 2005). It is useful to consider the influence of low-dose
radiation in view of the nature law — adaptation (Korogodina et al. 2010). It is simple
to analyze the adaptation processes using chromosomal instability, which could be
an indicator of the bystander effect (Little et al. 1997; Lorimore et al. 2003).

The usual biological methods are based on averaged experimental values and
give rough estimations of the chromosomal instability risks (Shevchenko et al.
1992). Contrarily, the risk assessments given by theoretical modelling are based on
theoretical assumptions (Brenner et al. 2001; Brenner and Sachs 2002; Nikjoo and
Khvostunov 2004; Leonard 2008a). The statistical view is based on the experimental
data and allows one to consider resistant and sensitive fractions which follow
different regularities. The structure of distributions of organisms on the number
of abnormalities reflects the characteristics of the adaptation processes: the dose
rate of the primary injuring, and intensities of the bystander processes and repair
(Florko and Korogodina 2007; Korogodina et al. 2010). Statistical modelling can be
used to investigate fundamental problems of microevolution processes and the risk
assessment of genomic instability in ecology, epidemiology, medicine, and cosmic
investigations.

2.5 Summary

The study of low-dose radiation effects began in the middle of the twentieth century.
The Urals’ N.W. Timofeeff-Ressovsky laboratory found the non-linear regulari-
ties (Timofeeff-Ressovsky et al. 1950-1954; Timofeeff-Ressovsky 1956; Luchnik
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1958). Then, other low-radiation effects were investigated: hypersensitivity and
elevation of radioresistance observed in radiation-polluted territories (Shevchenko
et al. 1992), the stimulation of cells to divide (Luchnik 1958), the induction of
adaptive response (Rigaud and Moustacchi 1996) and radiation hormesis (Luckey
1980) that protect cells against genomic damages, and instability across generations
(Korogodin et al. 1977).

A new step in the investigations was established when the bystander effect was
revealed.

Non-targeted effects: A bystander effect was described by W.B. Parsons et al. in
1954. In the 1990s, many reports of “non-targeted” effects were published. The
authors observed abnormalities (chromatid exchanges, chromosomal aberrations,
apoptosis, formation of the micronuclei, cells’ transformation, mutations and gene
expression changes) in non-irradiated cells, which were neighbors of the irradiated
ones (reviewed in (Mothersill and Seymour 2001, 2006)). It was shown that the
bystander effect depends non-linearly on the dose irradiation (Prise 2006). In 1997,
the hypothesis was offered by C.B. Seymour and C. Mothersill that the signal (or
factor) produced in a medium by an irradiated cell was able to induce genomic
instability-type effects in a distant progeny (Seymour and Mothersill 1997).

The bystander effect is linked to the phenomenon of the radiation-induced
genomic instability that manifests itself as chromosomal aberrations, genetic mu-
tations, late cell death, and aneuploidy (Kovalchuk and Baulch 2008). The genomic
instability was observed in vivo and in vitro (Morgan 2003a, b). Both non-targeted
phenomena include intra- and intercellular signaling, involving reactive oxygen
species (Averbeck 2010).

Transgenerational response: In recent years, evidence has been obtained for the
induction of persistent elevated levels of mutation rates in the progeny of irradiated
cells (Morgan 2003b). Dubrova et al. (2000) showed the elevated minisatellite mu-
tation rates in the mouse germline induced by low-dose chronic ionizing irradiation.
Experimental studies on the transgenerational effects of post-Chernobyl paternal
irradiation were performed and showed the elevated frequency of chromosomal
aberrations among the children of exposed fathers (Aghajanyan et al. 2011). These
data have demonstrated that exposure of the individuals to ionizing radiation results
in the induction of a transgenerational signal in the germline of exposed parents
which can then destabilize the genomes of their offspring. The inheritable radiation-
induced genomic instability in all F1 offspring is assumed to be an epigenetic type
of transmission (Kovalchuk and Baulch 2008).

Modelling of the radiation effects: Some models were considered here. The first
one was the probability model by Yu. G. Kapultsevich (1978). In this model,
the experimental data were used. Such modelling helps to understand general
regularities.

The theoretical models describe the processes based on the premises of scientists,
and then the mathematical conclusions are compared with the experimental data.
Such theoretical models were developed by D.J. Brenner (“BaD”) (Brenner et al.
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2001), B.E. Leonard (Microdose model) (Leonard 2008a, b), and H. Nikjoo and
LK. Khvostunov (Diffusion model) (2004). The mathematical modelling is aimed
at studying some concrete problems.

Risk assessment: Statistical modelling is based on experimental data and allows
one to study resistant and sensitive fractions (Florko and Korogodina 2007;
Korogodinaet al. 2010). It can be used to investigate the characteristics of microevo-
lution processes and the risks of genomic instability in ecology, epidemiology,
medicine, and cosmic investigations.
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Chapter 3

Excursus on Statistical Modelling for Population
Biology. Statistical Solution of Some
Radiobiological Tasks

Abstract The consequences of background-level radiation often provoke debates,
and here statistical ideas and their mathematical basis are considered in view of
adaptation processes. Statistical modelling presents the data of investigations in
the form of frequency function of events occurrence that allows studying the laws
and regularities of respective probability processes. It is qualified to investigate the
processes induced by the low factors and accompanied by Darwinian selection in
different systems. Three themes are discussed: (1) A geometric model of adaptation,
(2) Research of the biological communities’ structure, and (3) A statistical view of
the cytogenetic investigations of instabilities. The first and second topics present
development of statistical ideas on live systems under environmental conditions.
The last part is devoted to models of appearance of cells with abnormalities,
chromosomal abnormalities in cells, proliferated cells and interrelation between the
distributions on the number and frequency of abnormalities. We can assume that a
strong factor leads to the same laws of regulated abundance of the communities of
species and cell population.

Keywords Statistical modelling ¢ adaptation process * geometric model of adap-
tation * biological communities’ structure ¢ appearance of cells with abnormali-
ties * appearance of chromosomal abnormalities ¢ proliferated cells occurrence
individual distribution on the frequency of abnormalities

3.1 Preliminaries

Let us consider the results of investigations in view of the processes of events
occurrence but not mechanisms that produce these events. The statistical modelling
allows us to separate each process and study its regularities.

V.L. Korogodina et al., Radiation-Induced Processes of Adaptation: 23
Research by statistical modelling, DOI 10.1007/978-94-007-6630-3_3,
© Springer Science+Business Media Dordrecht 2013
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The experimental data usually reflect a compound of the processes induced by
different mechanisms, and the lab experimenters can exclude artificially one or two
well-known interfering phenomena to analyze the necessary one. These laboratory
methods are not suitable for ecology and epidemiology research. But all events
follow their own statistical laws. Their statistical representation allows us to under-
stand the nature of the phenomena, study their features, and calculate the risks. The
statistical modelling helps us to analyze the combination of two or three processes
in a way that is difficult through usual methods. An example of such a complex
problem is the adaptation process induced by low-dose-rate irradiation comparable
with a natural background; that is, the consequences of radiation fallout for plant
populations growing within a 30-km zone of an operational nuclear station and the
nuclear tests in the 1950s for human populations living in the polluted territories.

This chapter presents statistical ideas and a mathematical basis for the statistical
modelling. It contains three sections: a geometric model of adaptation, research
of the biological communities’ structure, and a statistical view of the cytogenetic
investigations of instabilities. The first and second sections discuss development
of the statistical ideas on live systems under environmental conditions. These two
sections consider investigations published by other researchers, and the last section
corresponds to the mathematical studies of the adaptation process and genetic
instability performed at the Joint Institute for Nuclear Research.

3.2 Geometric Model of Adaptation

Here, the statistical ideas are shown as to how adaptation can be represented.
R.A. Fisher was the first to offer description of adaptation, and H.A. Orr showed
that the long tails of statistical distributions suggested selection in the evolutionary
model. These investigations are basic for a statistical representation of the adaptation
processes.

Fisher’s model: In “The Genetical Theory of Natural Selection” (1930) Ronald
A. Fisher characterized adaptation as a movement of a population towards a
phenotype according to environmental conditions, and formulated his so-called
geometric model of adaptation. H.A. Orr investigated the Fisher model and specified
its statements as follows: according to the Darwinian Theory, populations must
adapt by using random mutations; mutations have different phenotypic ‘sizes’; and
populations must adapt in the face of pleiotropy (Orr 2005a).

In his model, Fisher put the optimal combination of the organisms’ charac-
teristics into the origin of the coordinate system. The environmental changes
corresponded to a removal of population from this optimum, and a population must
attempt to return by producing mutations. Fisher showed that the probability P(x)
appropriated to a given phenotypic size is 1 — F(x), where F is a function of a
standard normal random variable x which is an inversely proportional quantity as
distance to the optimum.
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Fig. 3.1 Geometric model of adaptation. The x-axis is a mutational size, and the y-axis is
a probability of random mutation of a given phenotypic size to be beneficial. 1, P(x) =0.2;
2,P(x)=0.5;3, P(x)=0.8

The probability of a mutation with the given phenotypic size being beneficial is
plotted in Fig. 3.1. The plot shows that the probability falls rapidly with mutational
size; very small mutations have a 20, 50 or 80 % chance of being favorable (see
plots 1, 2 or 3, respectively) although the probability of the larger mutations falls
with an increase of the mutational size. Fisher concluded that very small mutations
should be considered as the genetic basis of adaptation. His model has suggested
micromutationism.

But M. Kimura regarded this hypothesis as an erroneous one (1983). Kimura
noted that micromutations could be lost when they are rare and mutations of a larger
effect are more likely to escape such losses, therefore they could very well contribute
to adaptation. Kimura concludes that mutations of intermediate sizes are the most
beneficial.

Modern theory of adaptation: H.A. Orr used analytic methods as well as computer
modelling and has shown that the size distribution of mutations is nearly exponential
(Orr 1998, 1999). It means that adaptation involves a few mutations of a relatively
large phenotypic effect and many of a relatively small effect, as Fisher’s model
predicts. These results revealed stability of the assumptions about the precise shape
of the fitness function.

J.H. Gillespie performed fitness investigations using molecular evolutionary data
and worked out the so-called mutational landscape model (Gillespie 1983, 1984).
It is surprising that older phenotypic and modern DNA sequence-based models,
in spite of their fundamental differences, agree with Fisher’s geometric model
(Orr 2005b).

Using mathematical methods, R.A. Fisher (1930), J.H. Gillespie (1983, 1984),
and H.A. Orr (1998, 1999, 2006) investigated fitness to the environmental conditions
by modelling. Orr (2006) showed a universal character of distributions with long
tails and the connection of this phenomenon with selection in evolutionary models.
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3.3 View on the Structure of Biological Communities

There are many points of view on the structure of biological communities which
reflect different environmental conditions and dominant processes there (McGill
et al. 2007). The scientists offered geometric, logarithmic, and lognormal laws
to describe species abundance distribution. The outlook of I. Motomura (1932)
was based on the limitation of environmental resources, which are, in fact, ideas
of adaptation. Rich environmental conditions correspond to multiplication of the
species (Preston 1948, 1962). Multiplication of the species can be presented as a
process of fragmentation, which was described by A.N. Kolmogorov (1986). So,
the proliferation of cells can be also described as a fragmentation process. Here,
one example is considered when the biological community was transformed from
the “rich” state to the “limited” one under radiation impact (the Totskij explosion
(Vasiliev et al. 1997)).

Radiation geneticists used statistical modelling in radiation epidemiology to
study the appearance of the multiaberrant cells in the blood of irradiated persons,
and have revealed a combination of the geometric and Poisson distributions
(Bochkov et al. 1972). This compound was also observed by R.M. Arutyunyan et al.
(2001) who showed the appearance of multiple chromosomal aberrations in blood
lymphocytes of patients with a syndrome of chromosomal instability.

These investigations have shown the statistical representation of adaptation
processes in different live systems. These are quality studies, but they illustrate the
possibilities of the statistical modelling.

3.3.1 Model of the Geometric Series of Motomura

I. Motomura (1932) assumed that the first dominant species captures quota k of
some resources, the second most abundant species occupies the same quota k of
the resources’ excess, the third most abundant captures k of the excess and so
on, until these limited resources are not divided between a total S species. If this
condition is fulfilled, and the abundances of species (for example, their biomass
or number of individuals) are proportional to their used quota of the resources,
then the distribution of these abundances would be described by a geometric
series (or a hypothesis of priority ecological niche occupation). In range/abundance
coordinates, Motomura’s distribution is presented by a straight line, the angle of
elevation of which depends on the constant of geometric progression k. For the
Motomura model, the design equation for S (number of species) and their abundance
Ni(i=1,2...9)is

A
N, = VRO —R
1—(1—k)S

where N = Zis=1 N;, k — parameters of the model.
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The Motomura assumptions are not strong enough. Firstly, it is not explained to
which resource it refers, because different types of resources limit the organisms
of different species in any biological community. The second is that the capture
intensity depends to a great extent on the nature of the species but not only on their
quantity: for example, proportion of oxygen consumption can differ by thousands
of degrees for different species.

3.3.2 Fisher’s Log-Series

R.A. Fisher used an absolutely different approach to solve the problem of the
community species structure. He worked at Rothamsted Experimental Station in
England and helped entomologists A. Corbet and K. Williams to analyze the results
of the night moths’ capture. Fisher assumes that the distribution of the numbers of
the moths species, which possessed a different quantity, was the best of all described
by log-series (Fisher et al. 1943):

S=ax+x*/2+x*/3+--)=—aln(1 —x),

where a and x — parameters (indices of diversity); a = N(1 — x)/x.

According to Fisher’s model, the maximal number of species corresponds to the
category of very rare ones which are presented by only one copy. Log-series are
characterized by a small number of abundant species and a great quota of “rare”
ones. The communities, whose structure is determined by one or a few ecological
factors, can be with a high probability described by such a log-series.

3.3.3 Preston’s Lognormal Distribution of Species Abundances

A little bit later, investigations by F.W. Preston were published (1948). Preston
used logarithmic classes of abundance, which he called “octaves”. The first octave
consists of one individual; the second one consists of two individuals, and so
on. A histogram of such distribution resembles the Gauss curve of the normal
distribution. In other words, the distribution was lognormal: very rare species were
observed more seldom than slightly more numerous species. Preston supposed that
all sufficiently large samples of the community should be described by a lognormal
distribution. If a sample is insufficiently representative, then the left curve portion
of the normal distribution (the “tail” of rare species) should be cut-off.

B.J. McGill et al. (2007) published an analysis of more than 40 different
models of species abundance distributions including well-known investigations by
K.O. Winemiller (1990), R.H. Whittaker (1960), R. Condit et al. (1996), C.S.
Robbins et al. (1986), and many others. In spite of this great number of different
models, all the models demonstrated satisfactorily a “hollow curve” (that is, the
distribution characterized by a great number of rare species and a very small number
of mass species).
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Enormous discussions were taking place on the nature of the left side of species
abundance distributions when plotted on a log-abundance scale. Preston explained
this with the concept of a veil line (Preston 1948). R.H. Whittaker (1965) attempted
to resolve this debate by suggesting that no one curve fits all the data — the geometric
model applied to species poor communities while the lognormal applied to more
species rich communities, only being fully unveiled in large samples.

3.3.4 Studies of the Biological Communities That Experienced
the Totskij Nuclear Explosion

It is interesting to consider the extensive investigations of the consequences of
the Totskij nuclear explosion (1954, Orenburg region, Russia) provided by authors
of the book “Ecogenetic Analysis of Late Consequences of the Totskij Nuclear
explosion in Orenburg Region in 1954 (facts, models, hypotheses)” (Vasiliev
et al. 1997). The authors investigated the environment by radiochemical, radioe-
cological, cytogenetic, phenogenetic, and medicinal methods. Their investigations
demonstrated significant elevation of the chromosomal aberrations and morphologic
abnormalities of the mutational nature in species of small mammals. The numbers
of species in the polluted and control sites were studied for a community of
small mammals. These data indicated the degradation of the impact environment
compared with the control one. In the control, the curve of the species numbers
agrees with the lognormal distribution of F.W. Preston whereas in the impact sites
it corresponds to the geometric series of I. Motomura (Vasiliev et al. 1997). The
authors conclude that these results indirectly show that success of the coexistence
of species in impact sites is determined by a bigger number of limiting factors in
comparison with the control territory.

3.3.5 Influence of the Mutagenic Factor on Cellular
Population

On the basis of the hit and target theory (see Chap. 2), D.E. Lea (1946) suggested
that the distribution of cells on the number of aberrations induced by irradiation
must follow the Poisson law. N.P. Bochkov and his colleagues investigated human
cells after chemical exposure in vivo and in vitro. They assumed that the action
of chemical mutagens on cells could be described by queuing theory (Bochkov
et al. 1972), and for this reason a geometric distribution of cells on the number of
aberrations can be expected. The experimental data and fitting obtained by Bochkov
and his co-authors (Bochkov et al. 1972), is presented in Fig. 3.2.

The geometric law prevails under Poisson at any dose. The authors offered the
following argumentation to clarify their results. When mutagenic molecules come
into a cell independently and during the fixed time, the number of these molecules
can be approximated by the Poisson law:


http://dx.doi.org/10.1007/978-94-007-6630-3_2
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Fig. 3.2 The comparison of experimental data (circles) with Poisson (the dotted line) and
geometric (the solid line) distributions. Cells were treated with thiophosphamide: a, b, ¢ — 10, 20,
and 30 y/ml, respectively. x-axis — number of damaged chromosomes (classes) per cell; y-axis —
number of cells (Figure is republished from (Bochkov et al. 1972))

n,—At
Py = LT
n!
where A — is the average intensity of the mutagenic molecule reception.

The cell inactivates the mutagenic molecules at their reception; the aberrations
correspond to the cases when the cell hasn’t time to inactivate the receipted mutagen.
Let us take into account the cell intensity of mutagen inactivation (@), then p = A/u
is the level of the aberrant cells. In this case, the cells are geometrically distributed
on the number of aberrations.

N.A. Chebotarev offered the following model of the multiaberrant cell appear-
ance (Chebotarev 2000). He postulates that the total cells’ population is divided into
two subpopulations. The first subpopulation consists of the cells where chromo-
somal aberrations appear independently due to external factors, and such cells are
Poisson-distributed on the number of aberrations (P). The second subpopulation is
characterized by the “infection factor”, which promotes the aberrations’ appearance
in the cells under the same external mutagenic factors. In this second subpopulation,
the cells are distributed on the aberrations’ number according to the geometric law
(G). The model can be described by the following system of equations:

T=P+G
To=Py+ Gy= Pe™" + GO
T1=P1+G1=Pe_’"m+G9(1—9)

Ty = P,+ Gy = Pe"m? /2 + GO(1 — 6)*
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where T — is the total number of cells, Ty — the total number of cells without
aberrations, 7} — the total number of cells with one aberration, and 7, — the total
number of cells with two aberrations. Py, Py, and P, are the same, but for the Poisson
subpopulation, and Gy, Gy, and G, for the geometric one; m is the sample mean of
the Poisson distribution, and 6 is the parameter of the geometric distribution. This
model describes well the published data (Bochkov and Chebotarev 1989) on the
appearance of multiple mutations in lymphocytes of individuals living in the town
of Seversk who worked for the town’s radiochemical industry (Chebotarev 2000).

3.4 Statistical View on the Cytogenetic Investigations
of Instabilities

Radiation is the factor which leads to the processes of adaptation. Radiation
stress induces the instability and selection processes which result in the long tails
of distributions on the number of abnormalities (Korogodina et al. 2010a). The
statistical modelling allows one to study the main inter- and intracellular processes
induced by radiation stress. Some of these investigations were performed together
with professors V.B. Priezzhev and G.A. Ososkov at the Joint Institute for Nuclear
Research.

The period of plant seed germination was chosen for analysis of the adaptation
mechanisms. The appearance of proliferated and abnormal cells in the seedling
meristem is random and their numbers depend on exogenous and endogenous
factors. Our task was to study the structure of seed distribution with respect to the
number of abnormal (aberrant) and proliferated cells in the rootlets’ meristem of the
seeds which experienced low-radiation impacts.

The forming and features of the individuals’ distribution on the frequency of cells
with abnormalities in blood lymphocytes are considered at the end of this chapter.

3.4.1 Hpypotheses and Models of Appearance of Cells
with Abnormalities in Seedlings Meristem
of Stress-Irradiated Seeds'

Let us assume that the number m of cells with chromosomal abnormalities (CCAs)
in the meristem of a plant is described by the Poisson distribution:

A
= —e_A
m!

P,

where A is a mathematical expectation of m, or mean of the distribution.

I'The full paper is published in (Florko and Korogodina 2007).
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We assume that plants in the population differ by the set of features denoted
by one vector variable u. Parameters u, individual for each plant, can change
parameter A. Let us find a probability that seeds with m cells having chromosomal
abnormalities (CAs) are found in the seed population. Assume that the fraction of
plants with different parameters u and similar A is equal to p(4). The probability
that the seed belongs to the part of the population where the cells with CAs
distribution are described by the Poisson distribution with the parameter in the
interval (A, A +dA), is equal to p(A)dA. Then the probability of observing in
this plant subpopulation the meristem with the number m of CCAs is d P,, =
%e‘l p(A)dA. The probability of observing in the whole population the meristems
with number m of the CCAs is described by the Mandel formula:

o0 o0 Am
P, :/ dP :/ e pl)dA.
0 0 m'

The theory of the inverse Mandel transformation has been developed, i.e.,
the method of reconstruction of p(A) from the given distribution P,, is known
(Klauder and Sudarshan 1968). For this purpose, the following function should be
constructed:

0w =y (1=x)"Py = /O e p(R)da.

Then the function R(x) = Q(ix) fooo e~ p(A)d A is a characteristic function
of the distribution p(1) (Gnedenko 1965). This function has a number of properties.
One of them is important for us:

|R(x)| < R(0). (3.1)

This property provides a possibility to verify the validity of the hypothesis of a
similar cell reaction to the radiation impact. If the distribution P, of plants with
respect to the number of the CCAs is known, the function R(x) can be constructed,
and satisfaction of inequality (3.1) is checked. The verification carried out for our
experimental data’ and seed distributions with respect to the CCAs number has
shown that in all cases, inequality (3.1) is violated. The typical plot of R(x) is shown
in Fig. 3.3. It is clear that R(x) can exceed R(0) = 1, therefore we have to reject the
hypothesis of an independent and similar cell reaction to the radiation impact.

Let us consider another hypothesis, according to which the cell reaction to
irradiation is not independent. This violates the Poisson law of the CCAs occurrence
in the meristem and results in other distributions. It is known that low dose radiation
induces the bystander effect (Lorimore and Wright 2003), which provides the late

2Experimental data and approximations are presented in Chaps. 4, 5, and 8 (Sects. 8.2 and 8.4).


http://dx.doi.org/10.1007/978-94-007-6630-3_4
http://dx.doi.org/10.1007/978-94-007-6630-3_5
http://dx.doi.org/10.1007/978-94-007-6630-3_8
http://dx.doi.org/10.1007/978-94-007-6630-3_8
http://dx.doi.org/10.1007/978-94-007-6630-3_8
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elevation of the abnormal cells number due to intercellular communication that
results in the natural selection of seedlings. Then, the following assumptions can
be made:

®

(i)

(iii)

Primary cell damage is described by Poisson statistics as the statistics of rare
and independent events:
n
P, = a_e —u’

n!
where P, is a probability of occurrence of n CCAs and a is the parameter of
the Poisson distribution of the primary damages.
In some cell subpopulations of the meristem, intercellular communication
processes can occur leading to new CCAs. This provides a variation of
parameter a of the Poisson distribution. For small impacts, we assume that
parameter a varies in time linearly, a(f) = At 4+ a, and obtain the following
formula:

Py(1) = (At +a)" o~ ita),

n!
where P,(7) is the probability of occurrence of n cells with CAs by time ¢, A is
the drift rate, and a(r) = At + a is the parameter of the Poisson distribution at
moment .
Occurrence of the new CCAs increases the material for natural selection. We
describe natural selection by the Markovian process in the phase space of
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the system parameters under the assumption of its stationary character (van
Kampen 2007). The external conditions separate the region of the phase space,
falling in which means adaptation of the meristem and termination of the
process of the CCAs occurrence and selection.

These assumptions have analytic conclusions. It follows from general the
theorems concerning Markovian processes (Harris 2002) that the probability of
adaptation of the meristem at moment ¢ is expressed by

G)y=1->) ae ™,

i=1
where oy >0 and pu; > 0 are sets of the parameters depending on characteristics
of the processes of the CCAs occurrence and sprout selection. The probability
0, of the observation of n CCAs in the meristem can be determined using the

following transformations. The generating functions of the Poisson process P(f) and
probabilities O, are determined by the following:

P(t) = Zz:o Pi? = e+t
. o0
00 =Y, 07 = [ P0dGo
= 0
oo (At+a)(z—1)
_ t+a)(z— oMt
—/0 e (Zizoalﬂze )
=Y % =D g
i=0 " )

1
— paz=1) L _
=Y i —Az—1)

a(z—l)

=X e
=0 ¥ — A
i M, +11 + =2
The generating function Q(z) is a sum of the products of generating functions of
ate
the Poisson e““~1 and geometric distributions “4’_ T li—l) If the average number

of primary damaged cells of the subpopulation is small, (a=0), then e?“~D ~ 1
and Q) is described by the sum of geometric distributions. For a; > oy and i#k,
O, is described by the geometric distribution. The parameter 5 iu =3 +M SE of the
geometric distribution depends on the ratio of rates of communication processes
and selection process p/A. This ratio can be determined by the slope angle of
the geometric distribution constructed on the semilogarithmic scale. The larger
the slope angle, the more intensive the selection (as compared to the intercellular

communications).
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In fact, the population consists of resistant and sensitive subpopulations. The
late cell damages can be accumulated without selection in the resistant fraction
of seedlings because they are rare. The probabilities of communication processes
and selection are higher in the sensitive fraction. The geometric law relates to the
series of events which break under some conditions (“successful finish’), whereas
the Poisson law corresponds to the numbers of rare and independent events (Feller
1957). In our case, the geometric law is determined by the successful selection of
sensitive seedlings caused by the high intensity of late damages. Accumulation of
rare damages without selection will be described by the Poisson law. Thus, the seed
distribution with respect to the number of the CCAs in the seedlings meristem can be
described by the sum of geometric and Poisson distributions (G + P). Their relation
depends on the primary radiation intensity.

3.4.2 Correlative Model of Multiplication of the DNA Damages

In the meristem cells, the processes are like the above-mentioned ones: the primary
and late damaging, and selection. The difference is that the multiple appearances of
cell damages caused by the bystander effect in tissue are replaced by the radiation-
induced genomic instability in cells (Morgan 2003).

Our model reasons are based on the following assumptions:

The main processes: All processes related to the DNA damages are assumed to
be Markovian birth-death processes characterized by their rate constants a, b, and
¢ (intensities) (Feller 1957). It means that the probability of the events appearance
doesn’t depend on the process history.

The processes which take place in the cell during its cycle are as follows:

1. appearance of independent DNA damages;
2. appearance of correlated DNA damages?;
3. repair of the DNA damages.

Appearance of independent damages: 1In a cell with n damages, new damages can
appear in any non-damaged targets (N — n), each of them transformed into a primary
damaged target with intensity o.

The suggested mechanism of the damages’ appearance means that intensity of
the appearance is as follows:

a, =a (N —n),

3We suggested that the probability of the appearance of late damage in the non-damaged target due
to induction by two or more damages is small.
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where n — is the number of damages; N — is the number of targets; « — is the rate of
the appearance of primary damage in one target; @, — is the rate of the appearance
of primary damage in (N — n) non-damaged targets.

Let us consider the first process as the birth-death process. The process is
characterized by the system of the following differential equations (Feller 1957):

dI:;t(t) =a,_1Poi(t) —a, Py(t) = a(N —n 4+ 1)P,_1(t) —a(N —n)P,(t)
dbo(r) _
dr aN Py(1).

Appearance of correlated damages: The intensity of the appearance of late
damages is proportional to n:

b, = An,

where A — is the intensity of the appearance of late damages; n — is the number of
damages; b, — is the rate of the appearance of late damages, which depends on the
quantity of the existing damages n.

The appearance of late correlated damages can be described as the birth-death
process by a system of differential equations:

d};”t(’) = byt Pat (1) — b Pa () = A1 — 1) Pacs(£) — An Py (1)
api(t)
TR —AP(2).

Repair process: Let us accept a hypothesis that the rate of cell recovery is
proportional to the quantity of the damages. It is equivalent to the proposition that
the cells recover as a whole by the principle “either all or none” (Luchnik 1968).

Then, the repair mechanisms eliminate the damages with intensity
Cp = an

where w — is the repair rate of one damage; n — is the number of damages; ¢, — is the
repair rate of the damage, which depends on the quantity of the existing damages n.

The repair process can be considered as the birth-death process, which will be
described by a system of differential equations:

dPp,
dt(t) =—caPu(t) + ey 1 Pup1(t) = —cn Py (1) + c(n + 1) Py 1 (1)

dP(t)
T =P (1).
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Fig. 3.4 Dependence of the probability of n damages P(n) on the number of damages, n, for
different o

The statistical model accounted for all of the above three processes: Three
processes can be described by a system of the following equations:

d]:zr’lt(t) = (an—1 + bp—1) Pu—1(t) — (an + by + ¢n) Pa (1) + cng1 P (1)
dP
0 _ =

where a, + b, = (A — a)n 4+ Ne; ¢, = un; n — is the number of damages; N — is the
number of targets; o — is the intensity of the appearance of primary damage; A —
is the intensity of induction of correlated late damages; p — is the intensity of the
repair process.

The consequences of the correlative model: How do the intensities of processes «,
W and A change the distribution of the number of damages?

The asymptotical solutions of (3.2) for t — co and various dependencies of «, 1t
and A values are presented further in Figs. 3.4, 3.5, 3.6, 3.7, and 3.8.

Dependence on a (i, A = const):

Parameter « depends on dose rate irradiation, and n reflects the dose irradiation.
At small «, the frequency of the damages has an exponential character (Fig. 3.4,
a =0.1). The frequency of damages obtains the Poisson character with increasing
of the o value (Fig. 3.4, « = 0.9). The average number of damages per cell increases
with the intensity of damaging « (Fig. 3.5).

Dependence on A (a, (L = const):

With the increasing of the A value (the parameter that describes late damage
appearance) the character of the distribution doesn’t change (Fig. 3.6), but the
mean value of the distribution < n > obtains major values according to the following
formula:

Na

= 33
<n> P 3.3)
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Dependence on 1 (a, A = const):

With the increasing of w value (the parameter, which reflects repair of the
damages), the character of the distribution doesn’t change (the character of the dis-
tribution is determined by the « value) (Fig. 3.7); the mean < n > of the distribution
gets minor values according to the formula (3.3).

Independently of repair, the geometric distribution is observed in the control or
very close to the control (Fig. 3.7).

At small p value, the Poisson distribution is observed, whereas at the large one
the null class increases, but the type of distribution remains (Fig. 3.8).

Why is Poisson distribution observed at the increasing of dose rate irradiation?

1. The appearance of the late correlative events is distributed in time.
2. The primary damages frequency increases in the cell while increasing the
intensity (dose rate irradiation).
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3. If the rate of the primary damage appearance exceeds the generation rate of tails
of the geometric distribution (they are different), then those primary damages
appearing earlier should generate the Poisson distribution according to queuing
theory (Feller 1957). In addition to that, the quota of the geometric distribution
will decrease.
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4. The cell can have a definite number of damages. Increasing the sum of the
primary Poisson-like and late geometric-like damages can lead to the cells’ death
as a result of a large number of damages. At that time, the mean value of the
geometric distribution will decrease.

5. Finally, the Poisson distribution should be observed.

6. Induction of the second repair system leads to the second geometric distribution,
which describes the second group of cells. Its parameters depend on the dose rate
irradiation.

These conclusions allow us to use the geometric and Poisson distributions to
describe the appearance of chromosomal abnormalities in cells.

3.4.3 Hpypothesis and Model of the Proliferated Cells
Occurrence

Irradiation influences the number of proliferated cells, which can increase and
decrease due to activation of the resting cells and the death of damaged ones. Here,
we consider the statistical representation of the proliferated cells occurrence, the
statistical description of the resting cells stimulation, and how radiation stress can
change the seed distributions on the number of proliferated cells.

At the germination of seeds, the number of divided cells in rootlet meristem
reaches a specific number, the average value of which is constant for the given
environmental conditions and doesn’t change later. Our method fixes this stationary
level of the proliferated cells number at the stage of the first mitoses (Fig. 3.9)
(Korogodina et al. 1998). The number of cells N; at the stationary growth phase
(at the stage of the first mitoses) can be described in terms of the stationary random
branching process (Harris 2002), where k is the number of cell generation.



40 3 Excursus on Statistical Modelling for Population Biology. Statistical Solution.. .

In this case, Ky =Ny + 1/N; are independent uniformly distributed random
numbers. Obviously, N, = KN|, where K = K; x --- x K, and so logK =
logK; + -+ + logK,. The central limit theorem states: “If X;, ...,X, are
independent uniformly distributed random quantities with the statistical expectation
and variance, then for n — oo the distribution law of the sum ) _; X; asymptotically
approaches the normal distribution”. In our case, X; = logK;. It suggests that logK is
distributed according to the normal law, and so K, and therefore N,,, are distributed
according to the lognormal law (Kolmogorov 1986).*

The meristem is heterogeneous and the pool of proliferated cells consists of
at least two subpopulations. Low-radiation doses additionally stimulate the resting
cells to proliferation (Luchnik 1958). It results from the above that the hypothetic
model of proliferated cells (PCs) occurrence can be represented as follows:

(i) At the stationary phase of the rootlet growth, the distribution of seed sprouts in
the PC number is lognormal.’

(i) PCs can occur in three independent subpopulations: two subpopulations
reflecting the heterogeneous character of the proliferated pool and the third
subpopulation corresponding to the resting cells stimulated to proliferation.

(iii) The lognormal law can be observed in the negligible environmental factors.
The increasing of one of them — for example, radiation — leads to mutagenesis,
selection, and the geometrical law.

It can be assumed that, in the general case, the number of PCs in the meristem is
described by the sum of lognormal distributions,

A; (In 2)?
PC, = T exp(——% ,
Z’:Lk V2w x p( 2w;? )

where PC, is the number of seeds with n PCs in the meristem of the plant, A; is the
value of the ith subpopulation, and @; and w; are the parameters of the lognormal
distribution, k=1, 2, 3. The alternative hypotheses were a single-component
lognormal distribution (LN) and a combination of two lognormal distributions
(2LN). In the case of the stress impact, one of the lognormal distributions on the
PC numbers transforms into the geometric one (Florko and Korogodina 2007).

A sample of such a distribution of rootlets on the number of PCs is presented in
Fig. 3.10.

4A.N. Kolmogorov studied the lognormal distribution of particle sizes under fragmentation. This
process has to fulfill the condition that the sum of the fragment sizes does not exceed the whole
particle size. This condition is fulfilled for any processes of reproduction in nature, as for cells, and
for any live species.

31t is appropriate here to refer to F.W. Preston, who introduced a lognormal distribution into biology
(Preston 1948, 1962). He described a distribution of the species in the natural community on their
numbers by the lognormal law. The comparison inevitably comes to mind between the numbers of
cells in sprout meristem and the numbers of species in the community. Maximal numbers of plants
and species correspond to the fitness conditions for propagation of each of these objects.
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The resting cells have elevated the number of mutations (Bridges 1997), and the
death risk is high for the seedlings in the cell-activated subpopulation. Therefore,
the resting cells stimulation has two evolutionary significances: it increases the pool
of PCs and provides the material for natural selection.

3.4.4 Some Features of Forming and Analysis of Individuals’
Distributions on the Number and Frequency of Cells
with Abnormalities in Blood Lymphocytes

Radiation influences the lymphocyte cells of persons living in polluted areas,
and the occurrence frequency of cells with abnormalities should be studied in
the blood samples of individuals. The individuals’ distributions on the number
and frequency of cells with abnormalities are based on the law of appearance of
cells with abnormalities among PCs, where number n of the PCs is a parameter.
Therefore, individuals’ distributions on the number and frequency of CCAs depend
on individuals’ distribution on the PC number.

Formally, this task is similar to the problem of studying the spectrum investiga-
tion observed by means of a non-ideal instrument (Kosarev 2008). The difference
is that the distribution of CCAs is concentrated on integer numbers but not the real
ones. Therefore, we have used an apparatus of the probability-generating functions
instead of the Fourier transformation. We don’t consider the processes of stimulation
of proliferation and the death of cells.

Hypothesis of the appearance of PCs among the blood lymphocytes: PCs appear
according to the discrete lognormal (LN) law (Florko et al. 2009). It means that a
probability of appearance of n PC, is described by
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where [, o are distribution parameters.
For LN distribution (Fig. 3.11) the expectation m and dispersion d can be
represented as distribution parameters by formulas m = el and d =

m~/eo” — 1.

Hypothesis of appearance of CCAs among PCs in blood lymphocytes: We assume
that spontaneous cell damages appear independently. Statistics of spontaneous
events are binomial (Feller 1957). Low radiation induces the appearance of the
number of primary cells with CAs that leads to time-dependent late processes of
cells damaging (Lorimore and Wright 2003). The late stochastic processes terminate
at a random moment, which depends on the affecting factor and radiosensitivity of
the individual.

We have considered a time-dependent linear increase of the number of damaged
cells and exponential distribution of termination moments (Florko et al. 2009) that
leads to a special case of Pareto distribution (Reed and Hughes 2002), namely,
to the exponential distribution on the number of CCAs. Other investigations have
considered the case of an exponential increase in the number of CCAs with time,
and the termination moments of this process are also exponentially distributed (Reed
and Hughes 2002). It has been shown that the combined effects of the increase
of the damage number and termination of this process lead to the power Pareto
distributions (Florko et al. 2009).

PC,, — e—(lnn—lnu)z/(Zoz)
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In the case of the binomial law, a probability of CCA,,; appearance of k CCAs
among n PCs is described by formula CCA, x = CFg*(1 — ¢)"™*; in the geometric
case, this probability can be described by formula CCA, y = ll__qqn q*, where ¢ is a
probability of the appearance of CCAs among the PCs.

Let us consider the cases of binomial and geometric laws of the appearance of

CCAs among the PCs.5

Distribution of individuals on the number of CCAs in blood lymphocytes:
Distribution of individuals on the number of CCAs (k) in blood lymphocytes can
be described by the following formula:

CCA = Zn:l o PCux CCAy,

where 7 is the number of PCs, and k is the number of CCAs.
Let us introduce the probability-generating function of the PC appearance

P(1) = me PC,t"

and the probability-generating function of the appearance of CCAs among n PCs,

Ous) =D CCAys*.

The probability-generating function of the frequency of individuals with CCAs
and PCs is described by

W(s,t) = Zn:m 0,(s) * PCyt" (3.4)
Binomial law of the occurrence of CCAs among PCs: 1f we put the probability-

generating function for the binomial law Q,(s) = (¢s + (1 —¢))" into formula
(3.4), then

W(s.t) =Y (gs+1—¢q)"PCyt" = P((gs + 1 — q)1),
n=1..00
where ¢ is the probability of the transformation of PC into CCA. If we put
t =1 in formula (3.4), then the probability-generating function of the frequency of

individuals with CCAs is

W(s, 1) = P(gs + (1 —q)).

SEarlier, we considered not the binomial, but the Poisson law of the appearance of CCAs (Florko
and Korogodina 2007; Korogodina and Florko 2007). The Poisson law corresponds to the case
of a great number of PCs, among which a rare number of CCAs (k) appeared. The binomial law
describes the case, when the number of PCs (n) is low. Poisson (n is great) and Gauss (n, k are
great) laws can be obtained by the limiting process from the binomial law (Feller 1957).
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Possible types of distribution of individuals on the number of CCAs: Let us
find conditions when a probability distribution is the distribution of individuals
on the number of CCAs at the given binomial law of the appearance of CCAs. It
is the given probability distribution with probability-generating function W(s) =
> =000 Was". If it is a distribution of individuals on the number of CCAs, then,
as it is shown above, W(s) = W(s,1) = P(gs + (1 — g)). It follows from the
following formula:

P(r):W(er—l).
q q

P(?) is the probability-generating function of the probability distribution, if
necessary and sufficient conditions are fulfilled (Feller 1957):

(i) for all n, derivatives, P (t) = W™ (ét +1-— %) (117 >0, 0<t<I;
Giy P(1) = W(l) = 1.

To hold condition (i), it is sufficient to put value g~ 1. At g =1 this condition
is fulfilled because it is fulfilled for function W and, due to continuity, it is fulfilled
in the interval of gy < ¢ < 1. Condition (ii) is fulfilled at all values of g. It means
that any distribution can be a frequency distribution of individuals on the number of
CCAs at the binomial law of the appearance of CCAs with parameter g.

Let us investigate the condition that is necessary to impose on the distribution
of individuals on the number of PCs, which would lead to binomiality of the
distribution on the number of CCAs and its dependence only on the mean of the
distribution on the number of PCs.

Distribution of individuals on the number of CCAs verges towards the distribution
of individuals on the number of PCs: When the transformation probability from
PCinto CCAis g~ 1,then W(s,1) = P(gs + (1—¢q)) =~ P(s). So, the distribution
of individuals on the number of CCAs is the same as on the number of PCs.

Distribution of individuals on the number of CCAs depends on the average
number of PCs: If dispersion of a distribution of individuals on the number of
PCs is not significant, then generating-functions of the occurrence frequency of
individuals on the numbers of PCs and CCAs are P(t) ~ t™ and W(s,1) ~
(gs + (1 —q))™, respectively, where m is an average number of PCs. We can
conclude that the distribution of individuals on the number of CCAs is binomial
and its mean value mux = mgq.

Let us study the infinitesimality condition of dispersion. In the spectrum analysis,
the Relay condition of lines solvability is known as R > 1.5d (Kosarev 2008), where
R is a distance between the lines in the spectrum, and d is a dispersion of the
spectrum line. In our case, the term “spectrum” means the distribution of individuals
on the number of CCAs, and “line” implies a group of individuals with an equal
value of the number of PCs for all individuals. So, the line for individuals with
number mpc of PCs corresponds to the binomial distribution of individuals on the
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Fig. 3.12 Example of separated groups of individuals with a different number of PCs m p¢, and
mpc, in the distribution of individuals on the number of CCAs. Values mpc, = 40, mpc, = 60,

q=0.3. The Relay condition is fulfilled: ,/mpc, — /Mpc, = /(1 —q)/q

number of CCAs, and its mean and dispersion values are mcca = mpcq, and
deca = Vmpcq(1 —q), respectively. The Relay criterion (see (Kosarev 2008))
was developed for Lorents distribution, which has more sharpness (more excess)
than the binomial one. Taking this into account, we offer a modification of the
Relay criterion for the binomial distribution: R > 2d. The Relay condition looks like
mpc,q — Jmpc,g(1 —q) > mpc,q — /mpc,q(1 — q), which can be rewritten as

Jmpe, — J/mpc; > /(1 —q)/q (3.5)

Let the distribution of individuals on the number of PCs be characterized by
mean mpc and dispersion dpc. If we replace this distribution by two lines (groups
of individuals) with the number Ry = mpc — dpc and R, = mpc + dpc of PCs,
formula (3.5) becomes:

Vmpc +dpe — mpc —dpc < (1 —q)/q (3.6)

We have obtained the Relay condition of invisibility of two groups of individuals
for distribution of individuals on the number of PCs and given values of the numbers
of PCs (see (Kosarev 2008)). The Relay condition (3.6) determines the value of
dispersion dpc of the distribution of individuals on the number of PCs that the
distribution of individuals on the number of CCAs would be binomial and depends
only on the mean value mpc (Fig. 3.12).

For the binomial law of the appearance of CCAs among PCs, we can assume:

* the distribution of individuals on the number of CCAs will be similar to the
distribution of individuals on the number of PCs, if the probability of the
appearance of CCAs approaches 1;
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* the distribution of individuals on the number of CCAs is binomial and depends
only on the mean value of PCs, if the Relay condition is fulfilled (infinitesimality
condition of dispersion of the distribution on the number of PCs).

Geometric law of cells with CA appearance. Possible types of the distribution
of individuals on the number of CCAs: Let us consider the condition that the
probability distribution of individuals would be the geometric distribution of the
individuals on the number of CCAs and would be independent of the distribution
of individuals on the number of PCs. It is given a probability distribution with
generating function ) W,s". If it is the distribution of individuals on the
number of CCAs, then

n=0..00

"= = k
Yoo Wit = W)= PCCCA s

1—(gs)" 1—¢
- Zn=0..oo PG, (Zk=0..oo CCAn’kSk) - Zn=0..oo PG, 1—gs 1—¢g" ’

Rewrite it as

(1—g9))_ Wys" =" PC ﬂ(l— )
q n=0.00 - n=0..00 " 1—q" 4

or

0 l1—gq 1—q)q" ,
Zn=0..oo (W,, - an_l)s - Zn=0..oo PG,y 1— q" - Zn=0..oo PG,y 1— q" 5

It means that two conditions would be fulfilled:

1_ n
Wy — Wy = ( q)nq PC,
l—g¢q
l—¢q
Wo = Zn=0..oo PG,y 1— q"
From the first condition we have
PC, = (qWy_s — W) —— L
n=Uwnp—1—Wy)—7/—m//—.
1—-q9)q"

Hence, realization of the second condition follows identically:

1—¢ 1
Zn=0..oo PC” 1 — qn - Zn:O“OO (qI/I/"—l - I/I/n)q—n = %

It PC, >0sogW,—y — W, > 0.



3.4 Statistical View on the Cytogenetic Investigations of Instabilities 47

Hence, W‘j‘V—;‘ >qg<l,or W, < W,_.

We have found the necessary and sufficient conditions that the given probability
distribution W,, could be the distribution of individuals on the number of CCAs
with the geometric law of the appearance of CCAs: distribution must monotonically
W;”V;‘ < 1. To have a distribution of the individuals

decrease W, < W,_; and sup (

on the number of PCs, it is sufficient to calculate PC, by means of the formula
pPC, = @W,— — Wn)%, n = l..co for any ¢ satisfying the condition
sup (Wﬁ,—;‘) <g<l1.

Let us study how the distribution of individuals on the number of PCs influences
the distribution of individuals on the number of CCAs with the geometric law of the
appearance of CCAs.

The condition given to the probability distribution of individuals on the number
of PCs which leads to the geometric distribution of the individuals on the number
of CCAs and its independence on the distribution of individuals on the number
of PCs: This condition is held for the number n> 3 of PCs if the probability of
transformation of PC into CCA ¢" <0.125.” Then CCA, s = 11__:,1 gc ~ (1 —q)q*,
i.e., the probability of the appearance of CCAs depends on the number k of CCAs
only and does not depend on the number n of PCs. Therefore, if the frequency of
individuals with the number n <4 of PCs is small, we can neglect the dependence
of the appearance law of CCAs on the number of PCs: CCA,; = CCA;.
Then

W)=Y PCCCA"s =" P C,t"CCAys*

n.k=1..00

= (anlm Pan”) (Zk=l..oo CCAksk) = P(1)0(s).

It means that W(s, 1) = P(1)Q(s).

We can conclude that the distribution of the individuals on the number of CCAs
does not depend on the appearance law of PCs, if ¢ <0.5 and the frequency of
individuals with the number n < 4 of PCs is small.

Distribution of individuals on the frequency of cells with abnormalities in blood
lymphocytes: The distribution of individuals on the frequency of CCAs among the
PCs p = % can be determined when evaluating k as k = pn in the distribution of
individuals on the number of CCAs:

CCA(p) = me PC, % CCAy 1p.

"It is ¢ < 0.5 in investigations of seeds of plantain populations, and ¢ < 0.1 — in studies of blood
lymphocytes of individuals (Korogodina et al. 2010a, b).
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Fig. 3.13 Functions CCA(p) for binomial (a) and geometric (b) laws of the appearance of CCAs
among the PCs. Parameter values: ¢ = 0.3; n =10 (pl.1), n = 20 (pl.2), n = 30 (pl.3), n =40 (pl.4),
n =100 (pl.5)

We can find the distribution of individuals on the frequency CCA(p) for the
binomial law of the appearance of CCAs by the Stirling formula (Fig. 3.13a):
1 [61 l1—gq

V2rp(l—pnlLpl—p

The distribution of individuals on the frequency of for the geometric law of the
appearance of CCAs can be determined in a similar manner (Fig. 3.13b):

CCA(p) = CCAypp =

n
} T 0<h<1  (37)

1—¢g"
l—gq

CCA(p) = CCA, np = q"’. (3.8)

Figure 3.13 shows functions for CCA(p) different n and g = 0.3. Two features of
the distribution of individuals on the frequency of CCAs are important.

For different n, all binomial distributions of the frequency of CCAs have a
common maximum at pmax = ¢ (Eq. 3.5, Fig. 3.13a) resulting in sharpening of
the distribution of individuals on the frequency of CCAs.

The geometric distribution of individuals on the number of CCAs is independent
of the number of PCs, but its conversion into the distribution of individuals on the
frequency of CCAs transforms it into a combination of the exponents dependent on
the numbers n (Eq. 3.6, Fig. 3.13b) of PCs.

So, conversion to the distribution of individuals on the frequency of CCAs
sharpens the distribution of individuals on the number of CCAs in the case of the
binomial law (Fig. 3.13a), and enlarges in the case of the geometric law (Fig. 3.13b).
It can be suggested that the geometric distribution of individuals on the frequency
of CCAs is a character of the geometric law of the appearance of CCAs among the
PCs, and the individuals are geometrically distributed on the number of CCAs. The
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Fig. 3.14 Distribution of the individuals on the frequency of CCAs at the lognormal distribution
of individuals on the number of PCs (the solid line) and fixed number of PCs, equal to the LN
distribution mean (the dotted line). Parameter values of the geometric (/) and binomial (2) laws:
q=0.1,u=1,0=0.1(a)and g=0.1, u =3,0 =0.1 (b)

bell-shaped distribution of the individuals on the frequency of CCAs is a character
of the binomial law of the appearance of CCAs among the PCs.

Let us consider how the characters of the distribution of the individuals on the
number of PCs influence the distribution of the individuals on the frequency of
CCAs.

The case when the distribution of individuals on the number of CCAs is inde-
pendent of the distribution of individuals on the number of PCs: If the frequency
of individuals with a small number of PCs is not significant, the distribution of
the individuals on the frequency of CCAs does not differ from the distribution of
individuals on the frequency of CCAs for the group of individuals with a fixed
number of PCs (Fig. 3.14a, b). Distributions on the frequency of CCAs and on the
number of CCAs are appropriate equally to analyze the binomial law as well as the
geometric one of the appearance of CCAs.

The case when the distribution of the individuals on the number of CCAs depends
on the distribution of the individuals on the number of PCs: At the conversion to
frequency, in the case of the binomial law of the appearance of CCAs among the
PCs, the distribution of the individuals on the number of CCAs converges to the
distribution of individuals on the frequency. In the case of the exponential law of
the appearance of CCAs among the PCs, the distribution of the individuals on the
frequency of CCAs obtains a “tail” and is broader (Fig. 3.15a, b). We can conclude
that the distribution of the individuals allows one to determine accurately parameter
q of the binomial law of the appearance of CCAs among the PCs, but geometric
parameter g can be correctly calculated by using the distribution of individuals on
the number of CCAs.
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Fig. 3.16 The lognormal distribution of individuals on the number of PCs, mean mpc =5 (a).
Completed distribution of the individuals on the frequency of CCAs for the geometric (/) and
binomial (2) laws of the appearance of CCAs among the PCs (b). Parameter ¢ = 0.3

Let us consider how violation of the infinitesimality condition of the occurrence
of the individuals with small numbers of PCs influences the frequency distribution
of the individuals. The distribution of the individuals on the frequency of CCAs
gets a long tail in the region of the great CCA frequencies, which is related to the
above broadening of the geometric distribution of the individuals on the number of
CCAs (Fig. 3.16b).

Comparison of preliminary conclusion with the experimental distributions: Let
us examine our conclusions by comparison of the statistical modelling with
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the experimental data on blood lymphocyte samples of the individuals living in
settlements in Samburg (Tyumen region), Maloe Goloustnoe (Irkutsk region), and
the city of Novosibirsk (Korogodina et al. 2010a). Distributions of the individuals
on both the number of PCs and the CCA frequency are shown in Figs. 3.17 and 3.18.

Figure 3.17 presents the experimental distribution of the individuals on the
frequency of CCAs for individuals whose sample of blood contained a small number
of proliferated lymphocyte cells (N < 30) (Antonova et al. 2008). We assume that
the distribution for this group of individuals has a long tail because the requirement
of small numbers of individuals with small numbers of PCs is not fulfilled.

In the cases when the Relay conditions are preserved for the distributions of the
individuals on the number of PCs (Fig. 3.18b-d), the Poisson distribution of the
individuals on the frequency of CCAs is observed. Contrarily, the individuals are
not Poisson-distributed on the frequency of CCAs (Fig. 3.18a) in the case when
the Relay conditions are not preserved. According to our conclusions, the type of
distribution of individuals on the frequency of CCAs has to be the same as the type
of distribution of individuals on the number of CCAs.

3.5 Some Conclusions

1. Distributions of individuals on the number of CCAs and the frequency of CCAs
follow the binomial law under the conditions that (1) the law of the appearance
of CCAs among the PCs is binomial and (2) the Relay condition is fulfilled for
the distributions of the individuals on the number of PCs. Then, the distribution
of the individuals on the number of CCAs is independent of the characters of the
distribution of the individuals on the number of PCs.

2. Distributions of the individuals on the number of CCAs and the frequency of
CCAs are geometric and independent of the type of distribution of individuals on
the number of PCs under the condition that the law of the appearance of CCAs
among the PCs is geometric, the parameter of geometrical distribution g < 0.5
and the probability of the cases of individuals with number of PCs n < 4 is small.
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3. The exponential distribution of the individuals on the frequency of CCAs is an
indicator of the geometric law of the appearance of CCAs among the PCs. It is
also an indicator of the geometric distribution of the individuals on the number
of CCAs. The bell-shaped distribution of individuals on the frequency of CCAs
is the indicator of the binomial law of the appearance of CCAs among the PCs.

4. Distributions of the individuals on the number of CCAs and the frequency of
CCAs can be used to determine the type and parameters of the law of the
appearance of CCAs among the PCs. To calculate the parameter ¢, the analysis
of the geometric distribution of the individuals on the number of CCAs can be
effectively used, whereas the binomial distribution on the frequency of CCAs
should be investigated.

5. The geometric distribution of individuals on the frequency of CCAs among PCs
can be an indicator of termination of the process of the appearance of CCAs
whereas the bell-shaped distribution indicates its absence. Within the scope of the
adaptation model, we can expect the selection processes in the case of geometric
distribution to be in agreement with the investigations of H.A. Orr who has shown
that the distribution tail is related to selection in the evolution model (Orr 2006).

3.6 Summary

The statistical modelling can be used in the cases when experimental material is
based on the events the occurrence of which follows different laws. The radiation-
induced adaptation processes can be studied by this method.

Adaptation process, its representation for seeds population: Adaptation process
has three components: the primary and late cell damage processes, and selection.
They are different in the resistant and sensitive subpopulations: the transformation
probability of the normal cell into the abnormal one, as well as its death, is
higher in the sensitive fraction. The selection process characterizes the sensitive
seedlings. In the resistant fraction, the abnormalities are accumulated without
selection (Korogodina et al. 2010a).

The geometric law describes the processes terminated by the “success” (Feller
1957). In our case, it means successful selection: the series of late damages break
at the seedling adaptation. The Poisson law describes the rare and independent
appearance of events, which are the primary and secondary damages of meristem
cells in the resistant seedlings. So the adaptation process can be described by the
sum of the Poisson and geometric (P + G) laws (Florko and Korogodina 2007).

Representation of adaptation process in cells and its regularities: We can expect
the same scheme of adaptation in cell populations: the chromosomal abnormalities
appear in cells as independent and correlated events, and the repair system takes
part in the cells’ selection. The appearance of the independent injuries relates to the
Poisson law. The selection process means correlation of the damages occurrence,
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and can be described by the geometric law. The type and parameters of distributions
depend on the intensities of the primary and late damages, as well as the repair rate
(Florko and Korogodina 2007).

The constant adaptation process occurs in the intact cells that reveals as the
geometric distribution (G) on the chromosomal abnormalities (Korogodina et al.
2010a). The radiation stress factor induces a more intensive adaptation process in
the sensitive cell subpopulation. It is described by the second geometric distribution
related to a more sensitive group of cells (G1 + G2).

The primary damages frequency increases in the cell while the irradiation inten-
sity increases. If the rate of the primary damage appearance exceeds the generation
rate of the geometric distribution tails, then the primary damages appearing earlier
should generate the Poisson distribution according to the queues theory® (G + P). In
addition to that, the quota of the geometric distribution will decrease. It is important
that the type of distribution depends only on the primary damage intensity.

These conclusions allow us to use the geometric and Poisson distributions to
describe the appearance of chromosomal abnormalities in cells.

Representation of the proliferated cells occurrence: A.N.Kolmogorov studied the
lognormal distribution of particle sizes under fragmentation. It has been shown that
distribution of the particle number is described by the lognormal law (Kolmogorov
1986). The cell reproduction process can be presented as the fragmentation, and
then the cell multiplication can be described by the lognormal law.

Radiation stress induces cell death and stimulates the resting cells to prolif-
eration. How do these processes change the seeds distributions on the number
of proliferated cells? The seed population is heterogenic and consists of resis-
tant and sensitive subpopulations. It means that the experimental distribution is
divided into two groups with different parameters reflecting the seed properties
(LN1 4 LN2). The stimulation of cell proliferation adds the third lognormal com-
ponent in the experimental distribution of proliferated cells (LN1 + LN2 4 LN3).
The strong radiation stress can transform the lognormal law into the geometric one
(LN1+LN2 +G).

Formation of the individual distribution on the occurrence frequency of abnormal
lymphocyte cells among the proliferated ones: The occurrence frequency of
lymphocyte cells with abnormalities among the proliferated ones is the ratio of
the number of abnormal cells to the normal ones. So the process of abnormal
cells appearance determines the type of individuals’ distribution on the occurrence
frequency of abnormal lymphocyte cells among the proliferated ones. It can be
Poisson/binomial or geometric laws (Florko et al. 2009).

Therefore, the exponential distribution of the individuals on the frequency of
cells with abnormalities is an indicator of the geometric law of the abnormal cells
appearance among the proliferated ones. It is also an indicator of the geometric

8See the general queues theory in (Feller 1957). A.N. Chebotarev used the queues theory to study
the appearance of multiaberrant cells (2000).
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distribution of the individuals on the abnormal cells number. The bell-shaped
distribution of individuals on the abnormal cells frequency is the indicator of the
binomial law of the abnormal cells appearance among the proliferated ones.

The geometric distribution of individuals on the frequency of cells with ab-
normalities among the proliferated ones can be an indicator of termination of the
process of the abnormal cells appearance (it means selection), whereas the bell-
shaped distribution indicates its absence. Distributions of the individuals on the
abnormal cells numbers and the abnormal cells frequency can be used to determine
the type and parameters of the law of the abnormal cells appearance among the
proliferated ones.
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Chapter 4
Non-linearity Induced by Low-Dose Rates
Irradiation. Lab Experiments on Pea Seeds

Abstract General regularities of low dose-rate radiation effects were determined
on plant seeds in laboratory experiments. Three groups of seeds were tested:
young, old, and heat-stressed because aging and high temperature are the usual
natural factors. Statistical modelling has shown that the adaptation processes have
three components: primary injuring, late damaging, and selection, which is more
intensive in the sensitive subpopulation of seeds. The relationship between inter- and
intracellular processes was analyzed. The combination of radiation and heat stresses
dramatically increases late damaging and selection at non-optimal temperatures
which do not exceed the norm limits. This approach allows one to estimate the
risks of instabilities accompanied by the accumulation of abnormalities, selection,
and death of seedlings.

Keywords Plant seeds ¢ low dose- and dose-rate irradiation ¢ aging e
high temperature ¢ synergic effect ¢ hormetic effect ¢ adaptive response *
nonlinear response * statistical modelling ¢ instability e selection e sensitivity
chromosomal abnormalities * inter- and intracellular adaptation processes ® risk
of instability

4.1 The Seeds of a Plant Are an Important and Convenient
Object in Radiobiology and Radioecology

Researches of low-dose radiation effects require the irradiation of a large population
in the laboratory. This is impossible in the case of animals or humans. To have
sufficient statistics, the seeds of plants can be used to study general regularities of
radiation effects in the laboratory.

This is possible because the meristematic cells of plants are analogous in function
to stem cells in animals, and the radiation-induced processes in meristem can be a

V.L. Korogodina et al., Radiation-Induced Processes of Adaptation: 57
Research by statistical modelling, DOI 10.1007/978-94-007-6630-3_4,
© Springer Science+Business Media Dordrecht 2013
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model of the effects in bone marrow. Plants are well-investigated objects; as opposed
to animals, and especially to humans, plants and their seeds are more accessible.
This object is favorable in radioecological investigations.

4.1.1 The First Investigations of Non-linearity
Were Performed on Plants

Nikolay V. Luchnik was the first to show non-linearity of the frequency of cells with
abnormalities at low irradiation doses and their stimulation in dividing the resting
cells in seedling meristem (Luchnik 1958). This investigation was performed at
the laboratory of Nikolay W. Timofeeff-Ressovsky in Miassovo (the South Urals),
where the low-dose radiation effects were studied.! Luchnik chose the pea seeds
because the pea is a genetically well-investigated object and radiosensitive species.
In Luchnik’s investigations, pea seeds were soaked in P-radiator solution with
0.25-10.00 mCi/l during some hours; then percentages of normal and abnormal
mitosis were registered. The results of his experiment (enacted repeatedly with
different concentrations of the radiator and different durations of soaking for the
seeds) showed that a low concentration 0.5 mCi/l of the radiator induced the greatest
stimulation of mitotic activity and a decrease of the percentage of abnormal mitoses
(Table 4.1). Then, the mitotic activity normalized, and the percentage of abnormal
mitoses gradually increased. So, the non-linearity of both mitotic activity and the
frequency of chromosomal abnormalities were demonstrated at the low-dose and
dose-rate irradiation.

The experiments of Luchnik were repeated at the Joint Institute for Nuclear
Research after the Chernobyl accident when interest in the effects of low-dose
radiation increased (Korogodina et al. 1998). The concentrations of P-radiator
used by Luchnik were recalculated into dose-rate y- irradiation. The results of the
experiments were in agreement with the conclusions made by Luchnik. Figure 4.1
shows a standard dose-dependence of the frequency of cells with abnormalities
in rootlet meristem and survival of irradiated seeds (Fig. 4.1a), and the same
characteristics after the pea seeds’ irradiation at the dose and dose rates used by
Luchnik (Fig. 4.1b) (Korogodina et al. 1998).

Low-dose irradiation of seeds, seedlings or vegetative plants can usually induce
the so-called effect of radiation stimulation, which appears as the acceleration
of seeds sprouting, the growth of root and sprout, and propagation of the stage

! After the Second World War, Timofeeff-Ressovsky was sent by the regime first to a Stalinist
camp near Karaganda, and then to Site No. 0215, a secret scientific laboratory in the South Urals.
There, he headed pioneering studies of the biological effect of radionuclides and their impact
on ecosystems. Many investigators who later gained scientific repute worked at the Timofeeff-
Ressovsky laboratory; the others came there for discussion. Among these scientists were V.I.
Korogodin, G.G. Polikarpov, A.A. Lyapunov and others.
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Table 4.1 Influence of different concentrations of B-radiator solution on
mitotic activity and percentage of abnormal mitoses during 70 h after pea
seeds’ soaking (Luchnik 1958)
Concentration, mCi/l  Dose, rep*  Mitoses, % Abnormal mitoses, %
Control 0 10.6 = 0.25 45407
0.25 7 2934059 133£22
0.5 14 435+042 102=%1.1
1.0 27 2444038 147£1.3
2.0 54 19.8+£048 20.7%£1.8
5.0 125 11.6+£083 147£29
10.0 250 11.6 083 22.0+34
#Roentgen-equivalent-physical
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Fig. 4.1 Investigations of dose-dependence of the pea (Pisum arvense) seed survival and fre-
quency of cells with abnormalities in rootlet meristem of seedlings of irradiated seeds (a) and
dependence of the same characteristics at the dose and dose-rate y-irradiation of pea seeds
corresponding to the Luchnik experiments (b). /, frequency of meristem cells with abnormalities;
2, survival of seeds

development. Stimulation doses vary widely for different plant species. Acceleration
of growth of the plant is a consequence of the increasing of cells’ division: for
example, y-irradiation at 0.35 Gy of pea seedlings increases the relative growth rate
and mitotic activity of the seedlings’ meristem cells as well as reducing the duration
of the cell cycle (Gudkov 1985).

4.1.2 Modification of Radioresistance of Plants

Temperature: Temperature is a standard physical factor, the increasing and
decreasing of which influences seeds in different ways. It is a well-known fact that
high temperature increases seeds’ germination, while low temperature increases the



60 4 Non-linearity Induced by Low-Dose Rates Irradiation. Lab Experiments. . .

survival of seeds in storage. The latter can be explained by a low level of the free
radicals which can accumulate under high temperatures.

It is important to consider the synergic radiation and high temperature effects
because it is a standard condition in nature. V.G. Petin and his colleagues investi-
gated synergism in detail (Petin et al. 1999, 2002; Kim et al. 2001). The authors
obtained a bell-shaped curve for synergic interaction of heat and UV light, UV light
and methotrexate, UV light and cadmium chloride, X-rays and chemical mutagens,
y-rays and hyperthermia, UV light and hyperthermia, and finally ultrasound and
hyperthermia. It is most probable that the bell-shaped curve reflects a general
feature of synergic interaction. The authors offered a hypothesis that synergism is
a result of some additional lethal lesions arising from interaction of the sublesions
induced by both factors separately because synergic interaction is not related to
direct damage. Singly, these sublesions are not necessarily lethal. The investigations
of other authors have verified this hypothesis (Dineva et al. 1993).

Humidity: Humidity plays an important part in seeds’ radioresistance as demon-
strated by many scientists (reviewed in (Gudkov 1985)). Experimental data on many
cultures indicated that the highest radioresistance of seeds is observed at water
concentration much higher than in air-dry seeds (Ohba 1961). Researchers have
come to the conclusion that the water content is an important factor which regulates
the level of free radicals not only in the irradiation moment but also in a post-
radiation period. One can assume that the role of humidity is not only related to
the free radical mechanism. It is known that the water content in a cell influences
the metabolic processes, conformation of the macromolecules, and etc.

The growth factors of plants exert a different influence on the radiation injuring
and post-radiation recovery. Their efficiency depends on the moment of action:
before irradiation, in the moment of radiation, or in a post-radiation period.
Investigations of the influence of chemical factors-modifiers of seed radioresistance
are reviewed in (Gudkov 1985; Atayan 1987; Evseeva and Geras’kin 2001), and
they will not be considered here.

4.1.3 Meristems Are Critical Tissues of Plants

Plants have a unique feature: the ability for non-limited growth due to the embryonic
tissues, in their meristem. The main feature of meristem is the existence of cells
which preserve an ability to produce both divided and differentiated cells.

Apical meristems contain some thousands of cells at the caps of sprouts and
roots. Root meristem is characterized by a relatively simple structure, discrete
separations of elongation and differentiation, and high proliferative activity zones.
This object is very suitable for the study of growth processes and cell reproduction.

Figure 4.2 presents schemes of the root apex. It shows some zones, including
the meristem zone (zone of division) and zone of elongation. The depot of all types
of cells is a zone of initial cells which consists of juvenile constantly proliferated
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Fig. 4.2 Structure of the apical zone of seedling’s root

cells. The initial cells are typical stem cells characterized by an ability to continue
indefinitely, produce differentiated cells and recover a normal number of cells after
damaging. Initial cells form a population which then passes into differentiation and
specialization. The zone of initial cells is located at the board of a quiescent center
and numbers approximately a hundred cells (a thousand for a pea). Cells of the
quiescent center could be considered stem cells, too, although these cells divide by
a rate 10-30 times slower. Initial cells divide down (distal) and form a root cap
which protects meristem cells against damages.

So, the indefinite ability of initial cells to divide, the availability of the prolifera-
tive subpopulation, and the ability of their cells to differentiate and then specialize
equate meristem cells to the renewed tissues of the animal such as blood, epithelium
of bowels, liver and so on. These tissues were called “critical” due to their high
radiosensitivity. In the animal, damage of these tissues leads to marrowy and
gastrointestinal syndromes, sickness caused by radiation and death of the organism.
The plant meristem is highly sensitive to any damages. Meristem sensitivity is more
than 10-100 times higher than for differentiated and specialized tissues. Therefore,
radiobiology of high plants is the radiobiology of their meristem.

Meristem is heterogenic relative to its cell sizes, which are the cause of a different
duration of the cell mitotic cycle, while a different cycle stage results in different
resistance for cells.

Irradiation of cells with middle-lethal doses’ increases their mitotic cycle
duration. The duration of the cell cycle is caused by mitosis delay related to DNA
recovery by a radiation-damaged cell (Boei et al. 1996). Perhaps the rapidly divided

2The interval of middle-lethal doses corresponds to Fig. 4.1a
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cells of irradiated meristem are those the cycle phases of which were radioresistant
and therefore their cycle duration remained approximately normal.

The repopulation processes can be provided due to the existence of heterogenic
subpopulations of cells which differ in their proliferative activity and radiore-
sistance. Repopulation recovery is going on due to the reproduction of cells
in the radioresistance stages or by resting cells. Such cells can proliferate, and
their number determines ability and rate of repopulation recovery (Gudkov 1985).
Resting cells are the most resistant to irradiation. It is a non-specific protection of
plant organisms.

4.2 Laboratory Experiments on Pea Seeds

The pea seeds were irradiated in a laboratory to study general regularities of the low-
dose and dose-rate radiation effects. These lab experiments on seeds were a revision
of the experiments performed at the Urals laboratory headed by N.W. Timofeeff-
Ressovsky. The same dose and dose-rates irradiation used by N.V. Luchnik (1958)
in his experiments were chosen. Radiation effects were studied under modifica-
tion factors of aging and high temperature. These factors had to imitate natural
conditions: the seeds were stored for 20 months, and high temperatures did not
exceed ecological norms for the given seeds. These three factors are connected with
reactive oxidative species (ROS) production (Buzzard et al. 1998; Pinzino et al.
1999; Seymour and Mothersill 2000; Mothersill et al. 2000b), which is the reason
to suspect instability processes.

Statistical modelling was performed to investigate the process of instability and
its dependence on dose-rate irradiation, aging, and high temperature.

This series of lab experiments was carried out at the Joint Institute for Nuclear
Research (Dubna) using the methods developed at the Vavilov Institute of General
Genetics of the Russian Academy of Sciences (Moscow) and the Russian Institute of
Agricultural Radiology and Agroecology of the Russian Academy of Agricultural
Sciences (Obninsk).

4.2.1 On the Object and Methods Used in Lab Investigations

Pea seeds (Pisum arvense), selected line Nemchinovsky-817 (received from
Moscow, Nemchinovka, Agriculture Institute), were used in the laboratory
experiment. For this kind of seed, the reported quasi-threshold radiation dose
which corresponds to inflection of the survival curve from a shoulder to mid-lethal
doses is 10-20 Gy (Preobrazhenskaya 1971). The seeds can be divided into three
groups on the character of their storage (Korogodina et al. 2005). The first group
of seeds (“young”) was stored in the refrigerator for 8 months and was tested in
April; the second group was kept in the refrigerator for 20 months (“old”) and then
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tested in April; and the third group was stored in the refrigerator for 8 months and
then held outdoors until June when it was tested. The third group of seeds was
stored without sunlight and precipitation, but the temperature during the day and
night reached 30-32°C and 16-18°C, respectively (they are higher for the Moscow
region). The duration of heat stress was 2 months (“young seeds with heat stress”).

Pea seeds were gamma-irradiated at room temperature with 7 ¢cGy ®°Co at 0.3,
1.2, or 19.1 cGy/h. The overall uncertainty of dose rates and doses was 10—13 % at a
dose rate of 19.1 cGy/h and ~3-5 % at dose rates of 0.3—1.2 cGy/h. Ana—telophases
were scored for chromosomal abnormalities (CAs) containing chromosome bridges
and acentric fragments. The mitotic index (MI) of seedling meristem cells was
scored as the percentage of cells in mitosis. The mathematical processing is
described in Applications 8.1, 8.2.

4.2.2 Occurrence of Cells with Abnormalities at Different
Dose-Rate Irradiation. Effects of Aging and High
Temperature

Seedlings were fixed when they reached the length corresponding to the first
mitosis or were clearly unable to survive. The cells with chromosomal abnormalities
(CCAs) and the MI were registered in the sprouts’ germination. The times of seeds’
germination and occurrence of abnormal and normal cells were different for the
tested dose-rates irradiation and three groups of seeds (Fig. 4.3). This is expected
because cell cycles can be perturbed by irradiation (Gudkov 1985; Burdon et al.
1989; Boei et al. 1996) that includes the cell cycle delay (Boei et al. 1996) as well
as stimulation to proliferation of resting cells (Luchnik 1958; Gudkov 1985). Let
us consider the averaged characteristics of seed survival, frequency of cells with
abnormalities and the MI (Table 4.2).

Testing of young seeds: In either case, the frequency of CCAs increased with time
to fixing in young seeds both without additional irradiation (p < 0.001) or irradiated
at 19.1 cGy/h (p <0.001) (Fig. 4.3a, d). In the latter case, the first fixation started
later in comparison with the control because DNA damage can delay cell cycles
(Boei et al. 1996) and the daily seedling growth rate (Gudkov 1985). Cell cycle
delays lead to the appearance of delayed cells at the last fixation, elevating their
MI values (Fig. 4.4d). It seems that some cells with DNA damage are eliminated
(the frequency of CCAs decreased, but not significantly) (Table 4.2). The current
observations have indicated that the high-dose rate (19.1 cGy/h) sufficiently delays
germination, although the average values of (1 — S), the MI and the frequency of
CCAs do not significantly change in comparison with the control.

In contrast, the frequency of CCAs increased more slowly with time to fixing
at 0.3 and 1.2 cGy/h than at O or 19.1 cGy/h (p < 0.001) (Fig. 4.3b, c). It is known
that oxidative stress induced by low-dose irradiation (Mothersill and Seymour 2000)
causes cell elimination (MacCarrone et al. 2000). These data allow one to surmise
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Fig. 4.3 Frequencies of pea seedling meristem CCAs at the first mitosis without irradiation (a)
and with 7 cGy at a dose rate of 0.3 cGy/h (b), 1.2 cGy/h (¢), and 19.1 cGy/h (d). 1, young seeds;
2, old seeds; 3, young seeds with heat stress (heat stress duration 2 months). The time to fixing is
the onset of mitosis

Table 4.2 Effects of ionizing irradiation on pea seed populations at
different dose rates and storage conditions

Dose rate, cGy/h N 1—S, % CCA% MI

Young seeds

0 149 8.0 10.7+1.1 5.8+04
0.3 150 16.0% 7.84+1.0% 7.640.5*%
1.2 150 7.3 114+14 6.5+0.6
19.1 146 5.5 9.14+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% 12.54+0.9 8.6 £ 0.6*
1.2 174 20.7 158+ 1.4% 54404
19.1 149 28.2% 13.1+1.7 4.610.5
Young seeds with heat stress

0 40 7.5 11.2+1.1 59403
0.3 40  32.5%% 82+0.7% 554 0.5%%*
1.2 42 62.5%% 6.1 £1.0% 6.0 1.2%**
19.1 40  50.0%% 1544+£22% 4540.3*

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. 4.4 Mitotic index of pea seedling meristem cells at the first mitosis without irradiation (a)
and with 7 cGy at a dose rate of 0.3 cGy/h (b), 1.2 cGy/h (¢), and 19.1 cGy/h (d). 1, young seeds;
2, old seeds; 3, young seeds with heat stress (heat stress duration 2 months). The time to fixing is
the onset of mitosis

that irradiation of 0.3 and 1.2 cGy/h increases cell elimination. The result suggests
that the slope of both the frequency of CCAs and the MI with time to fixing would
decrease, and the fixing period can be reduced. This is the case: no elevation of the
MI is observed with time to fixing (p < 0.05), and the fixation period is shortening at
these dose rates (Fig. 4.3b, c). The hypothesis that the frequency of CCAs decreases
due to the error-free repair mechanism cannot be accepted because the (1 — S)
value increases (twofold at 0.3 cGy/h) (Table 4.2). An alternative explanation is that
the low-radiation dose rates turn on repair mechanisms which lead to cell lethality
because such irradiation induces very few damages and unnecessarily expends the
cell’s resources. However, it is difficult to believe that evolution did not select for
organisms’ preservation in all cases and did not improve their survival by additional
regulation mechanisms at low doses.

In addition, it is necessary to point out the tendency of the MI value to increase
at 0.3 (p <0.05) and 1.2 cGy/h (Table 4.2) in comparison with the control, which
would reduce the deficiency of proliferated cells. The stimulation needed to induce
division in resting cells at low doses is well known (Luchnik 1958). The appearance
of formerly resting cells newly proliferated in meristems can be the reason that the
delay of time to fixing does not increase in cases of 0.3 and 1.2 cGy/h irradiation
(Fig. 4.4a—c). The significant changes in survival, frequency of CCAs and the MI
with 0.3 cGy/h irradiation suggest that the repair mechanisms were supplemented
with additional regulation of cell numbers.
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Testing of old seeds: In all groups of old seeds the average frequency of CCAs
is higher than in the young seeds (p <0.05), a finding that is in agreement with
the results of previous investigations published in (Hanawalt 1987). The higher
frequency of CCAs in aging seeds should reduce their viability (Navashin and
Gerasimova 1935; Barton 1962), which could be the reason for the higher (1 — S)
values in all groups of old seeds (Table 4.2). In the “old” group control, both (1 — S)
and the frequency of CCAs were significantly elevated (p <0.05) and the time to
first fixation was delayed compared to the “young” group control (Fig. 4.3a). This
delay can be understood in view of the elevated frequency of CCAs in rootlet
meristems. In the old seeds control, neither the frequency of CCAs nor the MI
value differed with time to fixing (p > 0.025). This had been anticipated because
aging induces free radicals in seed cells (Pinzino et al. 1999) which can activate cell
elimination mechanisms (Davis et al. 2001).

In seeds exposed at 0.3 and 1.2 cGy/h, neither the frequency of CCAs nor
the MI values increased between the first-fixed and last-fixed fractions (p > 0.05)
(Figs. 4.3b, c and 4.4b, c) as might have been expected from the elevated free
radicals in all aging peas. In addition, it can be assumed that cell elimination
was intensified at the 0.3 cGy/h dose rate because the (1 — S) value was elevated
(p <0.05) and the average frequency of CCAs tended to (non-significantly) decrease
compared with the old seeds control (Table 4.2). On the contrary, irradiation with
1.2 cGy/h increased the frequency of CCAs (p < 0.05), but not the (1 — S) value
(p > 0.05). Thus, one could suspect an impact of the changing predominance of cell
elimination on CCAs emerging in the dose-rate interval 0.3—1.2 cGy/h. At these
dose rates, the first fixations were earlier than in the control group of old seeds
(Fig. 4.3a—c). The most probable mechanism of this phenomenon is stimulation of
division in the less-damaged resting cells which renew the number of proliferating
cells in meristem. This tendency was seen strongly at 0.3 cGyh dose rate (p < 0.05)
(Fig. 4.4b, c; Table 4.2).

In the old seeds irradiated at 19.1 cGy/h, the time to fixing was delayed by up to
10 h compared with the controls, a delay that occurred in all three groups of exposed
seeds (Fig. 4.3a, d). It would be expected that the frequency of CCAs and the MI
value would be elevated in the last fixation, but they were not (Figs. 4.3d and 4.4d),
perhaps due to aging of seeds. This result is in agreement with the elevated (1 — S)
value as in all other components of old seeds groups.

Aging modified the response of seeds upon irradiation. In any case, the old seeds
demonstrated an increased average frequency of CCAs and decreased survival in
comparison with the young ones. The 0.3 cGy/h dose-rate radiation induced the
tendency to decrease both seed survival and frequency of CCAs, as well as to
increase the MI as in the groups of young seeds.

Combined effect of irradiation and heat stresses: For this portion of the study, the
young seeds were exposed both to elevated temperatures (30-32 °C) and radiation.
In the heat-stressed control group, the frequency of CCAs increased with time to
fixing (p < 0.05) in a manner similar to that observed for young seeds but the slope
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for the young + heat stressed seeds was reduced (Fig. 4.3a). It has been reported
that an increase in temperature can induce apoptosis (Buzzard et al. 1998).

At 0.3 and 1.2 cGy/h, neither the frequency of CCAs nor the MI values increased
significantly in the later fixed fractions, and the durations of seed germination
were shortened (Figs. 4.3b, ¢ and 4.4b, c¢). The average MI values did not
increase (Table 4.2), giving indirect evidence that stimulation of proliferation, which
contributes to seed survival, was low. These results are in agreement with the highest
(1 =1S) value (32.5 and 62.5 %, respectively) (p < 0.001) in these groups of seeds.

In the case of irradiation with 19.1 cGy/h, the frequency of CCAs increased with
time to fixing (p < 0.001) and the first fixation was delayed up to 10 h in comparison
with the heat-stressed control (Fig. 4.4a, d). The MI value did not increase with
time to fixing (p > 0.05), and it can be presumed that cells were eliminated. The
averaged value of the MI was reduced in agreement with the high value of (1 — S),
50 % (Table 4.2). Taken together, these results indicate that both CCAs and cell
elimination were strongly stimulated.

The current observations over all seeds groups have shown that dose rates of 0.3,
1.2, and 19.1 cGy/h induced both cell elimination and CCAs that can be modified
by aging and additional heat stress. As a rule, cell elimination dominated at the
dose rate of 0.3 cGy/h and CCAs at 19.1 cGy/h. Irradiation with the dose rate
of 0.3 cGy/h stimulated the MI and earlier seed germination; its period can be
shorter (young and heat-stressed seeds) than in the control, while seed survival
was decreased. Irradiation with 19.1 cGy/h delayed seed germination and did not
decrease the frequency of CCAs while seed survival reduced significantly in aging
and heat-stressed seeds.

4.2.3 Non-linearity Induced by Low-Dose Rates Irradiation.
Effects of Aging and High Temperature

Dependence of the frequency of CCAs, theMI and survival of seeds on low-dose
rate irradiation: Fig. 4.5 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 is calculated as the balance between elimination of cells and stimulation
of proliferation. The frequency of CCAs (a, d, g) and the MI (b, e, h) values depend
non-linearly on dose-rate (xz-criterion, p <0.05) (Table 4.2), and that is the reason
that (1 — S) depends on the dose rate in a non-linear manner (Xz-criterion, p <0.05)
(c, £, 1).

Cell cycles can be perturbed by irradiation (Gudkov 1985; Burdon et al. 1989;
Boei et al. 1996) and would include cell cycle delay (Gudkov 1985; Boei et al.
1996) as well as stimulation to proliferation (Luchnik 1958; Gudkov 1985). A cell
cycle delay was shown at the dose rate of 19.1 cGy/h in all groups of seeds, and
a stimulation to divide in resting cells was revealed at 0.3—1.2 cGy/h in groups
of young (b) and old (e) seeds. This effect of mitotic stimulation was virtually
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Fig. 4.5 Dependencies of the frequency of CCAs (a, d, g), MI (b, e, h), and (1 -S) (c, f, i) on dose
rate. (a—c) young seeds, (d—f), old seeds, (g—i), young seeds with heat stress (heat stress duration 2
months). Values of the intact control seeds are separated from the irradiated ones by breaks

eliminated by the addition of heat stress (h). Perhaps stimulation compensates for
cell elimination in 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.

We see that the group of old seeds (d—f) demonstrated the highest level of cells
with abnormalities and its non-linearity is low in comparison with the characteristics
of young seeds (a—c) population. Young seeds are distinguished from the old ones by
strong cells’ stimulation to proliferation (the heat-stressed seeds were not activated).
The heat-stressed group of seeds (g—i) revealed strong non-linearity of the frequency
of CCAs and (1 —S) value. We can suspect that dramatic differences are caused by
the synergic effect of radiation and heat stresses.
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Fig. 4.6 Adaptive response of rootlet meristem cells of “young” seeds pre-irradiated at 7 cGy
(dashed line 1, white and grey squares) and experienced combined effect of heat stress and low-
dose irradiation (7 cGy) (solid line 2, black and grey circles) vs low dose rate irradiation. Acute
y-irradiation: 50 Gy. Control data are placed on the left of x-axis zero; non-irradiated control is
below and the irradiated one at dose 50 Gy is upper symbols

4.2.4 Adaptive Response of Meristem Cells Induced
by Low-Dose Rate Irradiation and Its Combination
with High Temperature

These tests were carried out to study how the combination of radiation and heat
stresses influences the induction of adaptive response.

The adaptive response of meristem cells was investigated for young and heat-
stressed seeds pre-irradiated at 7 cGy and, for the second time, acutely irradiated at
50 Gy (Korogodina et al. 1998). The general tendency of the number of CCAs to
decrease was observed in meristem of pre-irradiated seeds (Fig. 4.6). The principal
difference has been revealed between reactions of meristem cells of the “young”
seeds (the lower plot) and the “young seeds + heat stress” (the upper plot). For
young seeds, the number of CCAs decreases with the dose-rate irradiation (0.3; 1.2;
19.1 c¢Gy/h), whereas the appearance of CCAs tends to increase at irradiation with
the dose rate of 0.3—1.2 cGy/h in heat-stressed seeds. The adaptive response for the
heat-stressed group increases a little with dose-rate irradiation but it remains less in
comparison with the response of cells in the young group of seeds. Experiments with
both groups have been repeated and one of them on heat-stressed seeds is presented
in Table 4.3.

The radiobiologists offered (Mothersill and Seymour 2004) that low-dose ex-
posures cause removal of cells carrying potentially problematic lesions, prior to
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Table 4.3 Number of meristem cells with abnormalities. Heat-stressed seeds
were irradiated at low dose 7 cGy with dose rates 0.3; 1.2 and 19.1 ¢cGy/h and

acute dose 50 Gy

Dose rate Number of ~ Number of Number of cells with
irradiation, cGy/h seedlings ana-telophases abnormalities, %

0 23 950 60.0+7.4

0.3 cGy/h 35 2,943 585+32

1.2 cGy/h 29 1,507 60.2+5.1

19.1 cGy/h 24 1,838 49.2+3.0

radiation exposure. Contrarily, synergism produces multiple lethal and sub-lethal
lesions (Petin et al. 1999, 2002) which can be realized at additional acute radiation
impact. It seems that synergic influence of radiation and heat stresses provides
complete bad-repaired damages that decrease or “neutralize” the adaptive response.
The summary is that the synergic effect of heat-radiation stress diminishes the
adaptive response of cells especially at the dose-rate radiation of 0.3—1.2 cGy/h
when the number of cells with abnormalities tends to increase.

At present, the bystander effect is documented at low doses in various inves-
tigations (Mothersill and Seymour 2000). The bystander effect suggests multiple
appearances of cells with abnormalities, and we can check this hypothesis by
statistical modelling.

4.3 Modelling of Appearance of Cells with Abnormalities

4.3.1 Appearance of Cells with Abnormalities
in Seedlings’ Meristem

The statistical analysis has revealed that seeds do not normally distribute on the
number of CCAs, and the distribution displays a tail. It suggests the selection model
(Florko and Korogodina 2007) of the appearance of CCAs based on the hypothesis
of intercellular communication, see Sect. 3.4.1. The heterogeneity of the seed
population suggests a division of seeds into resistant and sensitive subpopulations.
The abnormal cells appear rarely and independently in the resistant subpopulation;
they are accumulated in the seedling meristem without selection and are Poisson-
distributed. The damaging process is more intensive and accompanied by selection
in the sensitive seeds that can be described by the tail of their distribution on the
number of cells with abnormalities (Florko and Korogodina 2007).

Analysis of the distribution structure of seeds on the number of abnormalities:
The fitting analysis of the observed data verified that the seed populations consisted
of two Poisson (*P) and geometric (°G) subpopulations (Florko and Korogodina
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Table 4.4 Mathematical modelling 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 *Ng

Young seeds

0 60 2,202 1.6 0.3 28404 034+£0.07 0.33£0.07
0.3 60 2,294 1.1£02 11.5+43 0.6040.01 0.01=%0.10
1.2 60 2,774 1.54+0.2 2606 0.50£0.04 0.09+£0.09
19.1 60 2,144 0.84+0.2 67412 058+£0.04 0.08=£0.09
Old seeds

0 60 918 1.940.3 0.0£1.0 045£0.00 0.00=£0.08
0.3 60 2,419 1.7£0.2 00£1.0 0.64£0.00 0.00£0.10
1.2 60 2,021 254+03 10.1x£1.6 05540.03 0.06=%0.09
19.1 60 593 1.940.3 0.6+24 040=£0.00 0.00=£0.08
Young seeds with heat stress

0 40 3,367 1.1£02 133£1.0 0.59£0.08 0.31=x£0.12
0.3 40 2,560 1.1+0.2 (0’8 0.53£0.05 0.11%0.11
1.2 40 1,235 1.1£0.3 0.0£0.2 031£0.03 0.05£0.08
19.1 40 1,088 1.1£0.3 73+£08 0.22£0.08 0.28+0.07

2007) (see Sects. 8.2.1 and 8.2.2). The modelling parameters ‘mP and ‘mG (the
sample means) as well as *Np and *Ng (the relative values) are shown in Table 4.4.
The values of the Poisson (*Np) and geometric (*Ng) distributions were calcu-
lated as the ratios of a Poisson or geometric component to the whole tested seed
population. In the dose-rate interval of 0.3—1.2 cGy/h, the *‘mG values tended to
increase (p < 0.05), whereas the “mP ones did not change significantly (p > 0.05)
in comparison with the control. In the groups of young and heat-stressed seeds, the
’Ng values decreased in the dose-rate interval of 0.3—1.2 cGy/h (in the old seeds
group, aging decreased ‘N too strongly and the statistical analysis is invalid). The
*Ng quota decreased more than the *Np quota (p < 0.05). As arule, the parameters of
the °P and *G subpopulations showed different behavior in the interval of 0.3-19.1
cGy/h for all groups of seeds (heterogeneity criterion (Glotov et al. 1982), p < 0.05).
We can assume that the bystander effect plays an important role in all the groups
irradiated in the dose-rate interval 0.3—1.2 cGy/h especially in heat-stressed and old
seeds. The quota of dead seedlings is significant even in the control group of old
seeds having experienced oxidative stress (Pinzino et al. 1999; Davis et al. 2001).

Relation between radiation-induced processes: In young seeds, the value of
(1-9S) correlated strongly with the MI (|R|;_smilca =0.83), and not with the
frequency of CCAs (Table 4.5). This indicates that in young seed populations
stimulation of proliferation is the general mechanism to regulate survival of the
seeds irradiated with 0.3-19.1 cGy/h.

In old seeds, there is a correlation between (1 — S) and the frequency of
CCAs (|[R|=0.66) that is due to the connection of seed survival with the Ng
subpopulation (|R|;_spjg =0.03 and [R|; _sgp =0.65). The frequency of CCAs
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Table 4.5 Partial

correlations between the Coefficient Young Old  Heat stress
biological parameters, values [Rl1—s ccapr 028 0.66  0.001
Poisson (*Np is designated Ry —s micca 0.83 021 0.13
by P) and geometric (*Ng is [RlG, pjm1 0.95 0.18 0.16
designated by G) [R|) —s.plG 0.21 0.03  0.99
fiistri.bu.tions, and dose-rate Rl;_s.qp 0.31 0.65 0.98
irradiation IRlcea. piv 037 069 042
[Rlccagim 0.19 099 0.11
[R|ccapiv 0.06 0.01 0.81

IR|mrpicca 0.34 0.46 0.26
[R[) —spim 0.49 045 047
IR|i —spicca 0.53 0.61 039

also correlates significantly with *Ng (p <0.05) (|R|cca. ppi =0.69; |R|cca. g
=0.99). In addition, these values do not correlate with the radiation dose rate
(Table 4.5). The °G subpopulation is considered to play an important role in
aging seeds because the non-surviving fraction increases primarily as a result of
diminution of *G seeds, and the frequency of CCAs also increases with the sample
mean of the geometric distribution.

The combined effect of irradiation and heat stresses disturbed the correla-
tions of (I — S) with both the frequency of CCAs (|[R|=0.001) and the MI
value (|R|=0.13). A strong correlation is observed between (1 — S) and *Np
(IR]1 —s.pjc = 0.98) as well as *Ng (R, _s.gjp = 0.99). Irradiation plays an impor-
tant part in the case of heat-stressed seeds because the frequency of CCAs is related
to the dose rate (|R| cca.pmir = 0.81).

Irradiation with 0.3-19.1 c¢Gy/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
frequency of CCAs is independent of the dose rate and is caused by sensitivity of
cells in the °G subpopulation. A combination of irradiation and heat stresses induces
another response of seeds. The frequency of CCAs depends on dose rate, and seed
survival correlates with both P- and G-mechanisms of the appearance of CCAs. It
should be noted that bystander effects lead to both enhanced frequency of CCAs and
cell elimination. In the current studies, the cell elimination was observed mainly at
0.3 ¢Gy/h and enhanced frequency of CCAs mainly occurred at 19.1 cGy/h. This
summary is in agreement with the conclusion of C. Mothersill et al. (2000a) 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 (1 — S) and MI, which require additional regulatory mechanisms. These
are the bystander effect and stimulation of proliferation (Table 4.5). To conclude: the
frequency of CCAs on average can’t be sufficient criterion to define stress conditions
because other mechanisms regulate seed viability and variability.
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Mechanisms that regulate seed viability and variability: The non-surviving frac-
tion of seeds (1 — 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, (1 — 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 (Table 4.2). For young seeds,
the values of (1 — S) correlated strongly with MI (|R|; _s mrcca = 0.83) while the
frequency of CCAs did not (|R|; _s. ccajmr = 0.28) (Table 4.5). These results suggest
that in young seed populations stimulation of proliferation is the general mechanism
to regulate survival of 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 (1 — S)
(Fig. 4.6). In aging seeds, the frequency of CCAs and non-survival were correlated
(IR]1 —s. ccapmr = 0.66), and both values were independent of dose rate (Table 4.5).
In this case high frequency of CCAs was specified by sensitivity of G- cells, and the
correlation between the MI and (1-S) was low (|R|; _s. mijcca = 0.21) (Table 4.5).

The greatest mortality was observed in young 4 heat stressed seeds. When
compared with the young seed group, the significantly increased (1 — S) values
indicate that heat stress produces a more significant impact on seeds than aging
does (Table 4.2). The combined effect of irradiation and heat stresses disturbed the
correlations of (1 — S) with both the frequency of CCAs (|[R| =0.001) and the MI
value (|JR| =0.13). In the heat-stressed group the frequency of CCAs depended on
dose rate (|R| ~0.98+0.99) and seed survival was correlated with both P- and G-
mechanisms of the appearance of CCAs (Table 4.5).

The 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 Table 4.2 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 significant forces for decreasing viability (non-
surviving fractions of old and heat-stressed seeds increased up to 28-62 %).

In all groups the frequency of CCAs decreased significantly at the lowest dose
rate (0.3 cGy/h) (p < 0.05) that showed cell elimination. The number of CCAs was
not normally distributed, but displayed tails. This result suggests that some CCAs
were enhanced and correlated. The frequency of CCAs correlated with (1 — S)
in old seeds (|R|;_s. ccapn = 0.66) (Table 4.5) but not in both young and heat-
stressed seeds. Therefore, the frequency of CCAs cannot be sufficient criterion for
the viability of plant population under radiation stress.

The simulation of the CCAs justifies the hypothesis that there are two subpop-
ulations of seeds. In the first subpopulation, the CCAs appear independently and
are Poisson-distributed. In the second one, the appearances of CCAs are correlated.
The simulation supported both the Poisson and geometric mechanisms in meristems
which contribute to seed survival (Table 4.5). 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
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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 (Table 4.4).

It can be suggested that the 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. It
seems 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 of the number of germinated seeds; a new genotype of the
surviving seeds is supported by repair mechanisms and stimulation of resting cells to
divide. Stress-induced adaptation processes result in significant decreasing viability
in the cases of aging and exposure to heat.

4.3.2 Chromosomal Instability

We shall examine below regularities of the genomic instability and accumulation
of chromosomal aberrations by statistical modelling (see model in Sect. 3.4.2, and
approximations in Sect. 8.2.3) and their connection with intercellular processes.

4.3.3 Multiple Appearances of Abnormal Chromosomes
in Meristem Cells. Modelling of Chromosomal Instability

Adaptive processes in intact cells: Table 4.6 shows that the distribution of cells on
the number of CAs relates to the geometric law (°G) in the control group. It assumes
that correlations between the appearance of CAs originated before “success” (Feller
1957), which could be considered in this case as the adaption 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. It is true 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 (‘G) or Poisson (°P).
Thus, experimental data could be compounded of G and °G (or °P) that correspond
to distributions of resistant (‘G1) and sensitive (‘G2 or °P) fractions of cells. In the
cases of aging and heat-stressed seeds, a combination of “G1 and °P distributions
is observed (Table 4.6). This is expected because high temperature and aging are
strong mutagenic factors (Rainwater et al. 1996; Pinzino et al. 1999).

Distribution of cells in root meristem of irradiated seeds on the number of CAs:
The modelling has shown two °G distributions in young seeds irradiated at 0.3 cGy/h
(Table 4.7). It can be assumed that the second distribution ‘G2 reflects additional
damaging processes in the sensitive subpopulation. At 1.2 and 19.1 c¢Gy/h, the °P
distribution gradually displaces ‘G2 distributions. Analyses of the combined effect
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Table 4.6 Statistical modelling of the appearance of CAs in root meristem

cells of non-irradiated pea seeds

Number of Number of cells with CA number
Year  CA frequency ana-telophases 0 1 2 3 >4
Young
1997  0.17 3,443 2,948 426 55 11 2
1997  0.12 2,199 1,931 238 25 5 -
1996  0.08 1,097 1,022 67 5 2 1
Heat stress
1996 0.11 4,020 3,663 274 68 11 4
old
1996  0.10 906 823 77 4 1 1

The standard error of the frequency of CAs is < 0.01. The fitting efficiency was
assessed by the T (Geras’kin and Sarapultsev 1993) and x2(p <0.05) (Feller

1957) criteria
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Table 4.7 Statistical modelling of the appearance of CAs in rootlet meristem cells of pea seeds
irradiated with 7 cGy at low-dose rate or without irradiation

Number of studied

Number of cells with number of CAs

Dose rate, cGy/h  ana-telophases CA frequency 0 1 2 3
Young

0 2,199 0.12 1,931 238 25 5
0.3 2,139 0.08 1,971 145 19 4
1.2 1,843 0.07 1,637 191 13 2
19.1 1,965 0.08 1,788 162 10 5
Heat stress

0 4,020 0.11 3,663 274 68 11
0.3 2,723 0.09 2,517 172 26 8
1.2 1,380 0.08 1,296 68 9 6
19.1 1,274 0.18 1,092 143 29 6
old

0 906 0.10 823 77 4 1
0.3 2378 0.13 2,109 236 27 5
1.2 1,977 0.15 1,729 207 38 3
19.1 586 0.11 527 53 5 1

The standard error of CA frequency is <0.01. The fitting efficiency was assessed by the T
(Geras’kin and Sarapultsev 1993) and y2(p < 0.05) (Feller 1957) criteria

of radiation and high temperature have revealed domination of the G regularities of
the appearance of CAs (heat stress) and addition of a P component in the case of

aging (Table 4.7).

General characteristics and modelling values of multiple appearances of abnor-
mal cells in meristem and abnormal chromosomes in cells: Table 4.8 presents
general characteristics and modelling values of the appearance of both CCAs in
meristem and CAs in cells. In the young seeds, a negligible value of seeds’ G
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distribution (*Ng) on the number of cells with abnormalities is coupled with a
negligible value of cells’ G2 (°Ng;) distribution at 0.3 cG/h that is accompanied by
decreasing frequencies of the corresponding abnormalities (R1, R2), and survival
(Table 4.8). It is a reason to think that intensive radiation-induced bystander effects
in meristem lead to intensive DNA damage in its cells that 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 ‘mP (0.85 £ 0.20) and ‘mP
(0.09 + 0.02) have low values (Table 4.8).

In aged seeds, the negligible values of the *Ng and “Ng, distributions are
observed at 0.3 c¢Gy/h, that corresponds to the increased seed survival (p < 0.05).
This increase could be due to stimulation of cell proliferation (p <0.05) in the
old seeds irradiated with 0.3 cGy/h dose rate (Korogodina et al. 2005). The *G
component is also revealed in seeds irradiated at 1.2 cGy/h. The °P distribution
is observed in the control and 19.1cGy/h groups, its sample mean being low (0.08—
0.10 & 0.03) (Table 4.8).

In the heat-stressed seeds, the lowest values of the *Ng and “Ng> distributions are
observed at 1.2 cGy/h. The °G2 distributions are revealed at 0.3 and 19.1 cGy/h; seed
survival is decreased at all these dose rates, especially at 1.2 ¢Gy/h. In the control
group, the P distribution of cells on the number of DNA damages is characterized
by an increased sample mean (0.66 + 0.12). All the above-mentioned could mean
the increased late processes in all the groups of the seeds are induced by heat stress.

The comparison of the “old” and “heat” groups has shown that heat stress induces
late processes accompanied by the selection stronger than the processes produced

by aging.

4.3.4 Modification Effects of High Temperature and Aging

Synergic effect of radiation and heat stresses: A synergic coefficient is used
to analyze quantitatively the combined effects induced by irradiation and heat.
Petin et al. (1999) characterize the appearance of synergic lethal damages as
Ny =Nj + N, 4+ min{p;N; + p,N,}, where Ny, N;, and Ny are the numbers of the
lethal damages induced by the first, second, and combined treatments; p; and p;
are sub-lethal damages produced simultaneously. Then, the coefficient of synergism
can be calculated as K¢y = (N1 + Nz + min{p;N; + poN2})/(N; + N»).

Determination of the synergic coefficient can be used to its calculation. It is the
ratio of a sum of probabilities of the appearance of abnormalities for each factor
separately to their combination (see Sect. 8.3). According to these calculations,
synergic characteristic of seeds’ death (1 — S) increases strongly (K,, =4) (Fig. 4.7,
pl. 3). Both numbers of combined DNA damages and combined damaged cells
decrease (Kgy, < 1) (Fig. 4.7, pl. 1, 2) in the “heat” groups that can be the result of
elimination of ““G2”-cells and ‘““G”-seeds (Table 4.8). It is reasonable to 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.
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Fig. 4.7 Dependence of 5

synergism coefficient on ]
dose-rate irradiation. 4t 3
Synergism coefficients for the

group of irradiated
heat-stressed seeds: /, of the
appearance of cells with CAs;
2, of the appearance of CAs
inside cells; 3, of seeds’
non-survival. The bottom of
synergism is marked with a
dotted line. Std. errors are
shown

Synergism coefficient, K
[\

0 5 10 15 20
Dose rate, cGy/h

Low radiation effect on old seeds: The stimulation effect of irradiated plants
was known many years ago (Gudkov 1985). A significant increasing of life span
was shown on Drosophila (Moskalev et al. 2011). Examination of old seeds was
performed to determine a hormetic effect. The hormetic coefficient was calculated as
the ratio of a sum of probabilities of appearance of abnormalities (or death) caused
by radiation and aging separately to their combination. These calculations (see Sect.
8.3) showed negligible decreasing of the frequency of CCAs (Kporm ~0.6), and the
seeds’ survival did not significantly change (Kporm ~0.75 £0.4+-1.03 £ 0.3).

The plant radiobiologists explain radiation stimulation by activation of prolif-
eration (Gudkov 1985). We can try to clarify this hormetic phenomenon in terms
of adaptation processes. Perhaps the resting pea cells were activated by the low-
dose irradiation (Fig. 4.6), that renewed the proliferated pool which was free from
the cells with abnormalities due to selection. So, the frequency of abnormal cells
decreases and seeds’ survival does not decrease.

4.3.5 Scheme of the Adaptation Process

The adaptive process has three components (Florko and Korogodina 2007;
Korogodina and Florko 2007): primary radiation injury, which depends on
the intensity of radiation (I;,q); late injury, which depends on the intensity of
intercellular “bystander” (Ipys), and intracellular regulatory (Ieg) mechanisms; and
selection which depends on repair systems and environmental conditions (Fig. 4.8).

These components can be presented by different combinations of Poisson and
geometric laws where P statistics describes statistics of independent events (Florko
and Korogodina 2007; Korogodina and Florko 2007) and G statistics characterizes
statistics after selection (Orr 2006; Florko and Korogodina 2007; Korogodina and
Florko 2007). The primary injury and late damage without selection follow the
Poisson or binomial law (see Sects. 3.4.1 and 3.4.2). In both cases, the independently
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Fig. 4.8 Scheme of the process of seedlings’ and cells’ adaptation. Primary injury (I,q) induces
the intercellular bystander (Iyys) and intracellular regulatory (I;) processes. Primary injuries or
late damages can be accumulated. As a result of selection, a stage of first mitoses is reached
in resistant seedlings, and the sensitive ones die. Intracellular processes (primary or regulatory
damaging of DNA) lead to proliferation or death of cells

occurring damages can be approximated as increasing linearly with time, that is, by
the Poisson law with the increased sample mean (Florko and Korogodina 2007).

In practice, the observed P distribution is formed on the numbers of primary and
late damages. If radiation intensity exceeds the rate of late process (Korogodina
and Florko 2007) then the primary damages prevail although the P-sample mean is
low (Florko and Korogodina 2007). For example, a dose rate of 19.1 cGy/h (time
between two hits per cell =35 s) induces hits in cells in the first two min with the
averaged number of hits per cell &~ 33. Table 4.8 shows that this case corresponds
to the lowest sample mean of the *mP 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 =15 and 1.3 min, respectively) induces bystander effects which
should prevail in these cases. The complete analysis of the pea data (Table 4.8)
reveals the correspondence of low ‘mP values to low “mP values which couple with
a high damage factor. The increased values of *mP, “mP indicate late processes (for
example, the control heat-stressed group, Table 4.8).

Thus, in experiments on pea seeds, the distribution of seedlings on the number
of CCAs can be approximated by *P 4-°G, where the *P distribution relates to the
subpopulation of seedlings in which the bystander effect is not accompanied by the
death of plants, and *G describes the bystander damage accompanied by seedling
selection in a more sensitive fraction (Florko and Korogodina 2007; Korogodina
et al. 2010).% A distribution of cells on the number of CAs can be presented as °G1,
¢G2, and °P distributions and their combination (Tables 4.6 and 4.7) (Korogodina
et al. 2010). The °P distributions mean primary DNA damage which, together with
¢G2 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 °G1 distribution. When the primary exposure intensity exceeds
intracellular regulatory effects, the Poisson law displaces the G-one (Korogodina
et al. 2010).

3The cells stimulated to proliferate are involved in the distributions.
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4.4 Summary

General regularities of the low-dose-rate radiation effects were determined on plant
seeds in laboratory experiments. Three groups of seeds were tested: young, old, and
heat stressed. Effects of aging and high temperature were studied because they are
standard natural factors. Then, the statistical modelling was performed to consider
some processes which are interesting from our point of view.

General characteristics: We can see that the radiation effect is different in the
interval of 0.3-19.1 cGy/h dose-rate radiation. Irradiation with 19.1 cGy/h delays
seeds germination. The lower intensities of 0.3 and 1.2 cGy/h can lead to decreasing
of the frequency of CCAs and shortened period of germination (Korogodina et al.
2005).

The non-linearity of the frequency of CCAs, non-survival (1 —S) and MI
was revealed in the dose-rate interval of 0.3—1.2 c¢Gy/h. Dramatic differences
are observed in young and especially heat-stressed groups (the heat-stressed seed
survival has fallen up to 30—40 %). In old seeds, the frequency of CCAs is always
high, and their survival is low.

It was revealed that the synergic effect of heat-radiation stress diminishes the
adaptive response of cells especially at the dose-rate radiation of 0.3—1.2 cGy/h
when the number of cells with abnormalities tends to increase (Korogodina et al.
1998).

Statistical modelling of the appearance of CCAs: The experimental data were
used to analyze the processes induced by radiation. The fitting has shown that
the model “P 4 G” describes efficiently the distributions of seeds on the number
of CCAs. We can be sure that the geometric law relates to the selection (Orr
2006) and the model “P + G” corresponds to the adaptation process (Florko and
Korogodina 2007). The adaptation process has three components: primary injures,
late damaging, and selection. They are more intensive in the sensitive subpopulation
of seeds. We see that the late damaging and selection are more pronounced in the
old and heat-stressed groups at irradiation of the 0.3—1.2 ¢cGy/h dose rate because
respective G-sample means have significantly increased (due to the bystander effect)
or, on the contrary, decreased (due to selection) (Korogodina et al. 2005).

The correlation analysis has shown the relation between P-, G-parameters and
biological values (Korogodina et al. 2005). We can describe the main regularities
of viability and variability on the basis of these correlations. They are different
for three groups of seeds. For young seeds, the stimulation of proliferation is the
general mechanism to regulate the survival of seeds irradiated with 0.3-19.1 cGy/h.
Aging is the main reason of the high frequency of CCAs and selection in old seeds.
In the heat-stressed seeds, the frequency of CCAs is determined by the dose-rate
irradiation, and dramatic mortality correlates with both P- and G-values that reflect
the characteristics of the radiation intensity, bystander effect and repair intensity.

Multiple appearances of CAs: The analysis of the intracellular processes shows
permanent adaptation process in intact cells (G1) (Korogodina et al. 2010).
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Irradiation induces primary damages in sensitive cells that lead to more intensive
instability and selection processes there (G2) or accumulation of primary damages
(P) if primary intensity exceeds the late process. We see the relation between inter-
and intracellular processes. The strong selection relates to the 0.3 and 1.2 cGy/h
dose rates that can be described by two G-distributions on the number of CAs. The
dose rate of 19.1 cGy/h induces dominant primary DNA damages in young and old
seeds (we see P-law). The combined effect of radiation and heat stresses is always
accompanied by the G-laws that mean instability and selection.

Modification effects of heat stress and aging: Calculations of the “combination
coefficient” have demonstrated a strong synergic effect of radiation and heat
stresses especially for seed mortality. The synergic coefficient for the frequency
of abnormalities is less than unity because it indicates the deceptive “hormetic
effect”, which means only high G-mortality of seedlings with multiple numbers of
abnormalities.

This study was performed to look for the hormetic effect in old seeds. The
calculations revealed a tendency to decrease the frequency of abnormalities. Seed
survival did not change significantly in comparison with those that were non-
irradiated.
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Chapter 5

Adaptation and Genetic Instability in Ecology.
Study of the Influence of Nuclear Station
Fallout on Plant Populations

Abstract Here, the ecological investigations which were performed by statistical
modelling are presented. The aim of these investigations was to study the effects
of the fallout of operating nuclear station which do not exceed the background
(the annual y-radiation dose rates are ~0.10-0.15 wSv/h) on plantain populations
growing in the 30-km zone of the station. The statistical modelling was performed
to study cells’ and chromosomes’ instability, cells’ proliferation in root meristem
of seedlings, selection processes, and their dependence on radiation fallout and
seeds’ sensitivity. This approach divides the tested population into resistant and
sensitive fractions which are Poisson and geometric distributed on the number
of abnormalities. This finding allowed us (1) to identify the radiation-induced
effect and to reject the hypothesis that its consequences were caused by chemical
pollution; (2) to estimate risks of instability and selection as well as stimulation
of cells’ proliferation which are components of the adaptation processes; (3) to
study their regularities for both resistant and sensitive subpopulations; and (4) to
demonstrate that risks of adaptation processes dramatically increase with additional
synergic factors, such as in a hot summer when survival of seeds falls to 20-30 %.
We conclude that nuclear station fallout influences significantly the seeds’ survival
and chromosomal instability in meristem of seedlings especially in hot summer.
The radiation-induced processes lead to changes of the previous genotype on the
adaptive one. The other conclusion is decreased numbers of some species right up
to their disappearance.

Keywords Operating nuclear station fallout e Statistical modelling * Natural
plantain populations * Seeds ¢ Radiation and high temperature synergism e
Chromosomal abnormalities ¢ Stimulation of proliferation ¢ Resistance and
sensitivity ¢ Risk of instability
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5.1 A View on Natural Communities with Experience
in Radiation Impact

It is known that radiation impact leads to genetic consequences for human and
natural populations. It is shown that irradiation which does not exceed the limits of
ecological niches can influence living organisms. The main consequences for nature
could be considered with the example of the Chernobyl accident (1986) because
scientists have collected a lot of data related to this radiation accident for different
species.

5.1.1 Consequences of Radiation Accidents

The Chernobyl accident fallout immediately annihilated the forest in the 30-km
zone (“red forest”) (Yablokov et al. 2009). Later, the main injuries to plants
were caused by incorporated radionuclides in the soil. Plants were transformed
into radionuclide accumulators in the polluted areas (Geras’kin et al. 2008). The
Chernobyl impact resulted in radiomorphoses and tumors because the radiation
disturbed morphogenesis and provoked tumorogenesis (Grodzinsky et al. 1991;
Grodzinsky 1999). The number of pollen abnormalities in the polluted territory has
remained high for a generation (Kovalchuk et al. 2000).

Genetic consequences: Chernobyl radiation immediately elevated the frequency
of plant mutations, which remained high for some years, and the level of mutation
frequency was correlated with the level of radiation pollution (Shevchenko et al.
1996; Geras’kin et al. 2008; Grodzinsky 2009). The mutation frequency can in-
crease, normalize, or decrease in a generation for different plant species (Grodzinsky
et al. 1996). The elevation of mitotic activity (MA) and disturbance of mitosis was
determined for different species (Artyukhov et al. 2004). Survival of seeds (Crepis
tectorum) didn’t exceed 40-50 % in the Chernobyl 30-km zone (Shevchenko et al.
1995).! Some scientists demonstrated the non-linear dependence of cytogenetic
values (Shevchenko 1997; Geras’kin et al. 2008).

The radiation resulted in reversion of human-cultivated types of plants and
animals to their wild types (Glazko 2006). The induced atavistic features are typical
for the extinct ancestor forms (Yablokov et al. 2009).

Romanovskaya et al. (1998) studied bacteria in the contaminated soil. The tested
population of cellulolytic, nitrifying, and sulfate-reducing bacteria was found to be
1-2 orders of magnitude less than in the control soil that indicates the unfavorable
effect of anthropogenic radiation on the abundance and diversity of soil bacteria.
The most exposed phytocenoses and soil animals’ communities have exhibited
dose-dependent alterations in the species composition and reduction in biological
diversity, although Geras’kin et al. (2008) did not observe any decrease in the
number of small mammals or taxonomic diversity, even in the radioactive habitat.

!'Usually survival of seeds in nature is ~80 % (Preobrazhenskaya 1971).
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5.1.2 Radiation Sources Providing Low-Radiation Stress
Comparable with Background

Nowadays, the argument is made that radiation comparable to the background
influences both humans and nature. In this connection, we will consider sources
of radiation stress and adaptation response on their impact.

At present, there are many radiation sources which provide low irradiation.
It is difficult to find a site anywhere in the world which does not more or less
experience some influence of anthropogenic radiation. There are territories which
were radiation-polluted after nuclear tests and nuclear accidents. Mineral trades,
radiochemical industries, and scientific and industrial reactors also contribute to this.
One of the essential sources of low-radiation pollution is operating nuclear power
plants (NPP). One could expect the influence of NPPs on the environment, although
their fallout does not exceed the background. The operating standard Balakovo NPP
was chosen to study the influence of its radiation fallout on the environment.

The Balakovo nuclear power plant: Balakovo NPP is located near the town of
Balakovo, Saratov region, Russia, about 900 km to the southeast of Moscow. It
consists of four operational reactors; the fifth unit is still under construction. The
owner and operator of the NPP is Rosenergoatom. Balakovo NPP participates in
the joint program between NPPs in Europe and Russia; since 1990, it has been in
partnership with the Biblis NPP.

Ecological safety of the Balakovo NPP is standard. Uncontrolled influence of
the radioactive materials of the NPP on the environment was excluded from the
project. The only planned standardized source of the radiation influence on the
environment is fallout through the ventilation tubing. Values of the average daily
fallout are less than the maximum permissible dose by a factor of a hundred-
thousand. The observation zone around the NPP is 30 km, the sanitary zone is
2.5-3.0 km. Contamination by radionuclides in the environment around the NPP is
within the average values which are characteristic for the European part of Russia.

Nowadays there are many regions in Russia which are polluted both with nuclear
and chemical industry wastes. The Balakovo area in the region of Saratov is a
place where radionuclide contamination and chemical pollution are caused by
benzopyrene, carbon bisulphide, heavy metals and others. In said area, there are
NPPs, chemical fertilizer factories, produced from the apatite on the Kola Peninsula,
and plenty of representation of the two largest enterprises in Russia: rubber and
chemical fiber production.

5.2 Characteristics of Objects and Methods
in the Ecological Studies

The ecological investigations were performed near the Balakovo NPP for 2 years
(1998, 1999) by specialists from the Saratov State University (ecology, botany),
and the Saratov and Balakovo Nature State committees (ecology). It allows one
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Fig. 5.1 Locations of the
selected plantain populations
in the vicinity of the Balakovo
NPP: 2 (P2); 3 (P3); 4 (P4); 5
(P5); 6 (P6); 7 (P7); 8 (P8); 9
(P9); 10 (P10). Populations
P1, P11 are located 80 km
and 100 km from NPP,
respectively; P12 is placed in
the Moscow region

to choose some plantain populations in similar biogeocenoses (Korogodina et al.
2004). The radiation dosimetry, radiochemistry analysis of soil, cytogenetic analysis
and mathematical modelling were performed at the Joint Institute for Nuclear
Research (JINR).

It is known that reactive oxidative species (ROS) are involved in the stress-
induced bystander mechanism (Averbeck 2010). The oxidants have an important
role in plant gene expression and gene-product regulation (Foyer and Noctor 2009).
Cellular redox homeostasis is considered to be an “integrator” of information from
metabolism and the environment controlling the plant growth and acclimation
responses. Low molecular antioxidants serve not only to limit the lifetime of the
ROS signals but also to participate in an extensive range of other redox signaling
and regulatory functions. The analysis of the antioxidant status (AOS) of seeds was
performed at the Moscow Institute of Biochemical Physics of RAS (biochemistry).
Results of these investigations were published in a series of papers (Burlakova et al.
1998; Korogodina et al. 2000, 2006, 2010a, b; Korogodina and Florko 2007).

Characteristics of sites and weather conditions: The sites were chosen near the
NPP and in the JINR territory to investigate the possibility of radiation stress effects.
One site was studied in the Chernobyl trace territory to compare the effects of low-
dose rate irradiation caused by atmospheric impact and chronic soil pollution.

Two sources of radioactivity were placed in the 30-km zone of the NPP, which
can influence the plantain populations: the atomic station (P2-P6 sites) and the
phosphogypsum dump (P7-P10 sites) (Fig. 5.1). The sites were chosen by use of
a wind rose. The NPP atmospheric fallout (The Ministry of Atomic Power of the
RF et al. 1998a) influence the better part of populations P2-P6 resulting from
the direction of the winds in summer. Perhaps populations P7-P10 experience
the effects of the phosphogypsum dump in this area (State Committee on the
Environment Protection in the Saratov Region 2000). Site P1 is on the left bank
of the Volga River (~80 km from NPP). Population P11 was chosen on the right
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Table 5.1 Soil contamination of radionuclides'>’C and *’ K (Bg/kg)

Radionuclide Year P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11l PI2
137¢ 1998 9 32 - 5 - 10 8 8 6 39 9

1999 5 4 3 5 5 5 - 5 - - 15 10
0K 1998 360 330 - 550 - — 470 450 460 700 450 580
1999 440 340 400 410 230 500 - 410 - - 320 600

bank of the Volga (100 km from the NPP) on the Chernoby]l radioactivity-deposition
track with well-characterized '*’Cs soil contaminations (average concentration ~30
Bg/kg, (European Commission 1998)). Site P12 was selected in the Moscow region
within the JINR territory so both the radiation exposures from the Institute facilities
and the soil pollution would be known. A description of the biogeocenoses is
published in (Korogodina et al. 2000).

For the Saratov region, the annual rainfall near the Volga is 1.5 times higher than
in the steppe, therefore the microclimate of the P1-P6 sites is damper than that of
the P7-P10 (State Committee on the Environment Protection in the Saratov Region
2000). In 1999, the high summertime temperatures in the European part of Russia
averaged 3—4 °C above normal (extreme summer temperatures) (State Committee
on the Environment Protection in the Saratov Region 2000).

Determination of radioactivity and accumulative doses: For sites within a 100 km
radius of the NPP, the annual y-radiation dose rates (DR) and '*’Cs soil concentra-
tions (Ccs) varied in the ranges ~0.10-0.15 wSv/h and ~5-10 Bg/kg as reported
in independent radiological surveys (The Ministry of Atomic Power of RF et al.
1998b, a; State Committee on the Environment Protection in the Saratov Region
2000). In site P11, DR is ~0.10-0.15 wSv/h (State Committee on the Environment
Protection in the Saratov Region 2000) and Cc¢; is 30 Bg/kg (European Commission
1998). DR is ~0.10-0.12 pSv/h and Ccg is ~5-10 Bg/kg in site P12 (Dubna)
(Alenitskaja et al. 2004). These values (excluding the concentrations in site P11) do
not exceed the average radiation values over the Saratov and Moscow regions (State
Committee on the Environment Protection in the Saratov Region 2000; Alenitskaja
et al. 2004; Zykova et al. 1995).

The upper 10—-12 cm of soil in the tested sites was examined. Measurements were
carried out using the low-background y-spectrometers with a Nal(T1) crystal as well
as the Ge one, which were described in (Alenitskaja et al. 2004; Bamblevskij 1979).
The errors of detection efficiency of y-quanta did not exceed 7 %. Total errors of ra-
dioactivity determination for different isotopes were 20-40 %. The artificial isotope
137Cs soil contamination did not differ significantly in 1998 and 1999 (Table 5.1),
although the fluctuations could usually be observed at the same site (Alenitskaja
et al. 2004). The data on Cc; is in agreement with the published values (State
Committee on the Environment Protection in the Saratov Region 2000; Alenitskaja
et al. 2004; Zykova et al. 1995) and do not correlate with the NPP fallout.

The accumulated doses were calculated by using the Brian-Amiro model (Amiro
1992) and estimated as ~1-3 cGy for plantain seeds P1-P6 using the published
transfer factors (Alenitskaja et al. 2004). The secondary wind rising in the P7-P10
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Table 5.2 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 site P1

Relative dose  Intensity of y-quanta per Intensity of y-quanta per
Populations  rate (DR) cell nucleus per min X10~7  cell nucleus per 3 months
P1 1 1.9-107* 25-107¢
P2 80 1.7-1072 22-107%
P3 80 1.7-1072 2.2-1074
P4 560 0.11 1.4-1073
P5 5,700 65 0.85
P6 1,350 0.26 3.4-1073
P7 340 6.7-1072 8.6-10~*

populations was accounted by means of the methods described in (Gusev and
Beljaev 1986). The results did not differ significantly from 1998 to 1999 (for ac-
cumulated radiation doses and soil concentrations) in the tested sites.

Calculation of NPP fallout and JINR accelerators’ irradiation of seeds: Plantain
seeds were not irradiated in the lab, but experienced the NPP fallout irradiation in
nature (annual fallout on isotopes: Kr ~2.5 TBq; Xe~2.5 TBq, and I ~4.4 TBq
(The Ministry of Atomic Power of RF et al. 1998b), the dose rates are controlled by
the NPP administration).

Distribution of particulate emissions and gases were estimated according to the
Smith-Hosker model (Hosker 1974) based on NPP characteristics (The Ministry of
Atomic Power of RF et al. 1998b) and winds in summer near the ground in the
NPP region (State Committee on the Environment Protection in the Saratov Region
2000). The isotope fallout result in y-irradiation mainly (mean energy ~1.1 MeV/y-
quanta (Ivanov et al. 1986)). The relative DR values were calculated in the ratio
to the dose in site P1 (Table 5.2). The relative DR value in the P7 site is higher
than in the P2, P3, P8-PI10 sites due to a short half-life of I isotopes, which
do not reach populations P2, P3, P8&—P10. This fallout irradiation is not chronic
and depends on location of populations. The intensity of irradiation is shown in
Table 5.2. The y-quanta’ LET-dependence on their energy (Ivanov et al. 1986) and
the NPP characteristics (The Ministry of Atomic Power of RF et al. 1998b) were
used 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 facility’s operation
in the P12 site. In 1998, the calculated neutron dose level was 1 mSv (for 2 months),
and the neutron dose rate level was 0.8 wSv/h (the neutron background dose rate
~9.3 nSv/h (Wiegel et al. 2002)); the radiation level over all the particles exceeded
the background ~twofold for the dose and ~eightfold for the dose rate. In 1999, the
neutron irradiation did not increase. The averaged neutron energy was 5.5 MeV.

Chemical pollutions: Soil samples were examined by X-ray fluorescence and
gamma activation at the JINR by the method described in (Maslov et al. 1995).
Chemical pollutions of the atmosphere and soil were published in (State Committee
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on the Environment Protection in the Saratov Region 2000; Korogodina et al. 2000).
The contamination of the chemical pollutions was less in 1999 than in 1998.
The correlative analysis was used to study the dependence of both biological and
modelling values on the NPP fallout (see Sect. 8.5). The analysis has shown that
neither the NPP fallout nor biological values correlate with the concentration of
chemical pollution in this region (Korogodina et al. 2010a). It is supposed that
chemical pollution cannot be a reason for the radiobiological regularities and also
cannot imitate them.

Seeds: Plantain seeds (Plantago major) were used in the natural experiment. For
this kind of seed, 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 (Preobrazhenskaya 1971). The plantain populations were located at sites
within 80 km of the Balakovo NPP and in the Chernobyl trace area (Saratov region),
as well as in the JINR territory (Moscow region). In 1999, temperatures during
daylight hours reached 30—32°C in the Moscow region and 38—40 °C in the Saratov
territory (it is the extreme t° for these provinces), and the seeds experienced elevated
temperatures during the maturation period in nature (The Ministry of Atomic Power
of the RF et al. 1998a; State Committee on the Environment Protection in the
Saratov Region 2000). The plantain populations were chosen in similar biotopes
(Korogodina et al. 2000), which are located along the reservoir banks. The seeds
were collected from 20 to 30 plants at the end of August in 1998 and 1999. The
seeds were refrigerated until the next April.

Cytogenetic analysis: Seeds of all populations were germinated until seedling roots
reached the length which corresponds to the first mitoses (Korogodina et al. 2004,
2010a). Ana-telophases were scored for the cells containing chromosome bridges
and acentric fragments. The MA of seedling meristem cells was scored as the
number of ana-telophases in apical meristem.

Estimation of antioxidant status: Peeled seeds (1 g) were placed in 200 ml of water
at 60°C, allowed to cool to room temperature for 1 h, and filtered. Antioxidant
activities were studied with a photochemiluminescence method (Lozovskaya and
Sapezhinskii 1993). It was shown that the reciprocal relative intensity of chemi-
luminescence o/l (where Ij is the control intensity and I is the intensity in the
presence of seed infusion) could be satisfactorily described as a linear function of
the added infusion. This dependence allowed one to find the amount of infusion,
which inhibited chemiluminescence by 50 % (Cj,;). The reciprocal value of Cjj,
linearly proportional to the inhibiting effect, was adopted as a measure of AOS.

5.3 Analysis of Averaged Biological Values

AOS of plant seeds: Investigation of AOS of plantain seeds collected in testing
sites (Korogodina et al. 2000) have shown differences in their antioxidant activity
(Table 5.3). Strong differences were demonstrated by seed populations collected
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Table 5.3 AOSs and non-survival of seeds, frequencies of both cells with chromosomal abnor-
malities (CCAs) in meristem and chromosomal abnormalities (CAs) in cells

Number Number of AOS Non-survival CCA CA fre- Mitotic
Site of seeds ana-telophases (Cj;p) 1—S,% frequency, % quency,% activity
1998
P1 167 726 022 108 25+05 0.05 9.7+£09
P2 152 942 0.16 34.2 31+038 0.03 6.0+£0.6
P4 156 518 020 199 25+06 0.04 6.3+0.7
P7 149 763 050 134 1.3+£03 0.02 109+ 1.0
P8 148 1,047 0.80 31.8 32+038 0.03 7.8+0.8
P9 167 528 0.76 653 46t14 0.07 6.1£1.0
P10 153 231 0.66 294 32+07 0.05 9.7+£3.0
P11 153 342 0.83 55.6 44£09 0.08 73+£1.0
P12 148 1,805 028 123 1.2+03 0.01 149+£0.9
1999
P2 500 2,228 0.16 72.6%%* 32+£04%%  0.04 17.8 £ 1.2%%*
P3 500 3,827 033 326 54+£0.6 0.06 219+1.3
P4 500 1,035 022  83.6%** 6.8 £0.9%** 0.09 17.5 £ 1.4%**
P5 500 2,209 025 67.8 6.3£0.6 0.07 15.0£0.9
P6 500 2,385 025 71.6 51+£04 0.07 179+ 1.1
P11 500 2,220 0.50 43.6* 55+£05%  0.07 9.8 £ 0.5%*
P12 200 832 031 37.5%%* 5.6£0.8** (.01 8.0 £ 0.6%**

Standard error of the frequency of CAs does not exceed 0.01. Comparing 1998 and 1999 data:
*p>0.1; **p > 0.5; ***p <0.001

in sites P1, P2, P4-P6 (AOS ~0.16 +0.25) and P7-P11 (AOS ~0.50 = 0.83).
Populations P1, P2, P4-P6 grow in the humid zone of the Volga River, and the
P7-P11 sites are located in the steppe (The Ministry of Atomic Power of the RF
et al. 1998a). The site P3 (AOS ~0.33) is located close to P2 (AOS ~0.16) and
at an equal distance from the NPP, but the P2 population grows in the low island
part of the town of Balakovo, and the P3 plants on the high bank of the continent
(Fig. 5.1). The town of Dubna has a reputation as a wet site, and the AOS value of
the seeds collected there is not high. All the above demonstrates the inverse relation
of AOS to the humidity of the sites where plants grow. These data can be, most
probably, explained by the relation between the rain capacity in the ecosystem and
low AOS. This assumption is in agreement with the investigations performed by
Zhuravskaya et al. (2000) who have shown that the higher humidity correlates with
the lower content and species diversity of the low molecular weight antioxidants,
although the latter are usually compensated by an increase in other low molecular
weight antioxidants and by the activity of the antioxidant protective ferments.

However, the impact of radiation, chemical factors and heat stress are also
likely to be reasons for changes in antioxidant activity in plant cells and tissues
(Zhuravskaya et al. 2000; Burlakova et al. 1996). Therefore, the combined effect
of humidity and imposed anthropogenic factors may be a cause of the decreased
antioxidant protection. AOS determinations have shown that the antioxidant protec-
tion of the plantain seeds in five sites placed near the Volga is lower than the average
one over all the regions (Table 5.3).
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Perhaps, the AOS results reflect the radiosensitivity of these seeds because of a
decrease in the diversity of the species’ antioxidants, the increase in amount and
activity of the radiosensitivity of seeds (Zhuravskaya et al. 2000) and sensitivity
to heat stress (Rainwater et al. 1996). The radiosensitivity of plant populations
increases with dampness in the ecosystem (Preobrazhenskaya 1971; Zhuravskaya
et al. 2000).

Averaged biological values: Table 5.3 shows the averaged biological values: AOS,
non-survived seeds, frequencies of chromosomal abnormalities (CAs) in meristem
cells, the cells with CAs (CCAs) in meristem, and MA. The value of the non-
survived seeds grew high in 1999 in comparison with 1998 (from 20-30 % up
to 70-80 %) for the populations located near the NPP (P2—P6). In 1999, the MA
elevated in meristem of these populations; it is higher than in any population
tested in 1998 (p < 0.05, ~threefold), and higher than in “control” P11, P12 plants
(p <0.05, ~twofold) (Korogodina et al. 2006). We can speculate on different factors
and mechanisms that determined the seeds’ viability and variability of cytogenetic
values. Let us consider the environmental conditions in detail.

In 1998, one could divide the observed populations into two groups. The
first one consists of those that could experience the irradiation impact through
atmosphere (P1, P2, P4, P12) (AOS ~0.16-0.28); the second group includes the
populations which were located in soil-polluted sites (P7-P11) (AOS ~0.5-0.83).
The average values of the non-survived fraction, the frequency of both CCAs
and CAs, and MA were not high in populations P1, P2, P4 on the Volga bank
(Table 5.3). In the populations located in soil-polluted sites, the (1 —S) values
and frequencies of abnormal cells and chromosomes can be maximal (P9, P11)
(Table 5.3). In 1998, a strong correlation of the (1 — S) value with both frequencies
of CCAs (Jrj—s,ccal =0.92, df =7, p <0.001) (Korogodina et al. 2006) and CAs
(Jri=s,ca| =0.76, df =7, p <0.02), was observed (Fig. 5.2a). The correlation is
observed for populations growing near the Volga bank in the direction of the wind
rose (small AOS values) as well as for steppe populations (high AOS values). We can
suspect that survival of these seeds was regulated by repair mechanisms in general.
It is necessary to mention that strong elevated MA in P12 plants did not disturb
this correlation. In the P12 population, a low level of the (1 —S) value and both
frequencies is coupled with a significant increase of MA, which could be stimulated
by a radiation effect (Luchnik 1958) because the neutron dose level was elevated for
2 months that year.

In 1999, the Volga-side populations (P2-P6), which experienced the greatest
impact of the NPP fallout,> as well as P12 (JINR territory) and P11 (Chernobyl
track), were studied. For the populations located near the NPP (P2—P6), the average
(1 —S) value grew high and the frequency of both CCAs and CAs were elevated in
comparison with 1998. These data indicated that plant populations in a 20-km radius
of the NPP had experienced high pressure, which decreased viability, increased

2The tested sites were chosen along the wind rose direction that allows one to study the NPP fallout
dose dependence.
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Fig. 5.2 Dependence of the average number of CCAs (left Y-axis) and value of non-survival of
seeds (right Y-axis) on AOS (X-axis) in 1998 (a) and 1999 (b). Average CCA number and value
of non-survival of seeds are shown as black and white circles, respectively. The standard errors are
shown.
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frequency of abnormalities and stimulated MA. The dependence of these values on
the NPP fallout dose has a non-linear character (Fig. 5.3). The data on P11 was the
same for both years. This was expected because the population located in chronic
radiation conditions had become more resistant in some generations (Shevchenko
et al. 1992). For seeds of the P12 population, the (1 — S) value and abnormalities
frequency are in the ordinary ratio with reasonable MA elevation.

Let us analyze the correlation between the (1 —S) value and the frequency of
CCAs for the 1999 data. In 1999, the correlation between the (1 — S) value and the
frequency of CCAs disappeared (|r| = 0.02), and the correlation with the frequency
of CAs was non-confident statistically (|rj—s, ca| =0.51, df =5) (Fig. 5.2b). These
data indicated that some mechanisms had operated in the seeds collected near the
NPP in1999.

In 1999, the described effects could be induced by both radiation factors and
heat because higher temperatures were observed over the whole region of central
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Table 5.4 A comparison of

P; i P2 P3

the data for the P2 and P3 aramerer

populations AOS 0.16 0.33
CCA frequency, % 32+04 54+06
Non-survival, % 72.6 32.6

Russia.> The increasing of (1 —S) as well as of MA values in populations around
the NPP differed significantly from those which were observed in distant sites
(P11, P12) (Table 5.3), and we can assume the influence of radiation in the 20-
km radius of the NPP. For these populations, the effects probably occurred through
a combination of atmospheric NPP pollutions (The Ministry of Atomic Power of
the RF et al. 1998a) and extreme summer temperatures in 1999 (State Committee
on the Environment Protection in the Saratov Region 2000). The hypothesis of the
combined effects of radiation and heat stresses was verified in the experiments on
pea seeds (Korogodina et al. 2005) (see Sect. 4.3.4).

The systematic radioactive NPP fallout did not exceed the average radiation
level over the region (The Ministry of Atomic Power of the RF et al. 1998a; State
Committee on the Environment Protection in the Saratov Region 2000) and thus
could not have led to mid-lethal DNA damages, but they could exceed it in terms of
dose rates and thus induce stress, which causes changes in cells through radiation-
induced ROS. Involvement of ROS was verified indirectly by the increase of both the
frequency of CAs and (1 —S) depending on the seeds’ AOS in populations growing
in the town of Balakovo (P2, P3). The lower AOS corresponds to the highest cell
elimination and S decreasing. This phenomenon is shown in comparison with the
data for the P2 and P3 populations, which grew close to each other (700 m) in the
town of Balakovo and are equidistant from the NPP (Table 5.4).

It is mentioned above that there was no correlation between the non-survival and
the frequency of CCAs, but the correlation between the AOS and (1 —S) values
was found (|r| > 0.75, p < 0.05, df = 5). This is the adaptation scheme of survival:
to survive, the plant needs to tolerate some mutations, so the adaptation process
depends on sensitivity of the plant coupled with the plant’s ability to weather the
instability processes. Therefore, a high frequency of CCAs and seed survival relate
to high AOS value and correspond to the P3 population.

5.4 Scheme of Adaptation Processes in Meristem and Cells

At germination of seeds, the adaptations of rootlet meristems, as well as meristem
cells, are required by the environment, which can result in some changes (recon-
structions) in meristems and cells (Fig. 5.4). Irradiation of seeds can be completed

3We don’t consider the influence of chemical pollutions because they were decreased in 1999 and
we tested populations growing far from their sources (near the Volga). The detailed analysis of
possible influence of chemical pollutions is presented in Sect. 8.5.
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Fig. 5.4 The processes in meristems (a) and cells (b) (Korogodina and Florko 2007). I'* is
intensity of irradiation; /°°" is intensity of communications; I’ is intensity of repair. Primary
damaged cells (a) or chromosomes (b) are black, communicative ones are grey, and undamaged
ones are white

by the stage of first mitoses, considered an “adapted stage of seedling” (Fig. 5.4a),
or their death. Some of the irradiated cells come into mitosis, which can be also
considered “the adapted stage of cells” (Fig. 5.4b), and the others die.

The reconstructions, which are necessary for adaptation, can be provided
by communication processes (I“"/I'""?> > R,q>I"*/I'"") or primary damages
(/! > jeomipr?y where I'“ is intensity of irradiation; I°" is intensity of
communications; I'”!, I'P? are intensities of repair. The abnormalities lead to death
of seedling or cell if repair systems are not effective.

In mathematical terms, this process consists of the following components:

* Primary damages of cells or chromosomes which are rare and independent events
and can be described by Poisson distribution;

* The communication processes which induce the appearance of secondary abnor-
malities. This increases Poisson parameter a;
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* These reconstructions in meristems and cells provide selection of “adapted”
seedlings and cells. A waiting period of adaptation is exponentially distributed
resulting in the geometrical distribution of the reconstruction numbers.

It suggests that the appearance of number n abnormalities could include Poisson
and geometrical components.

5.5 Statistical Modelling of the Appearance of Cells
with Abnormalities, Abnormal Chromosomes
in Cells and Proliferated Cells (PCs)

5.5.1 Distributions of Seeds on the Number of Cells
with Abnormalities and Cells on the Number
of Chromosomes with Abnormalities

The parameters of distributions of seeds on the number of cells with abnormalities
and cells on the number of CAs (1998, 1999) are demonstrated in Table 5.5 (see
Sect. 8.4.1). All seed distributions have the Poisson and geometric components,
with Poisson being predominant in 1998. In 1999, the P-relative value decreased
and the sample mean increased. This was expected because the heat stress increased
(1999) the appearance of the ROS (Rainwater et al. 1996), which induced the DNA
damages (Janssen et al. 1993) and apoptosis (Davies 2000). The combined effect
of heat and radiation stress leads to instability processes which decrease the P-
subpopulations.

In 1998, the cell distributions on the number of CAs have one geometric
component for all the tested plant populations except the two growing in high
chemical-polluted sites (State Committee on the Environment Protection in the
Saratov Region 2000), which have two geometric components. In the town of
Dubna, the plantains are growing near the JINR accelerator facility, and their meris-
tem cells are P-distributed. 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 the Chernobyl trace
territory and near the accelerator.

It is interesting that the cell distributions on the number of CAs can be
geometric whereas seed distributions on the number of CCAs could have the
Poisson component. We explain this fact by more intensive irradiation of meristem
as a whole than of each separate cell. It suggests that irradiation effects are more
pronounced in meristems than in cells.
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Table 5.5 Parameters of the distributions of plantain seeds on the cells with abnormalities and the
distributions of meristem cells on the CAs (Korogodina and Florko 2007)

Distribution of seeds on the number

of cells with abnormalities Distribution of cells on the number of CAs
Seeds SmG** SG** SmP* P* ‘mG1*  °Gl* °mG2* °G2* °‘mP* °P*
1998
P1 1.10 0.17 022 041 0.01 0.42 0.30 0.07
P2 0.05 0.10 0.17 045 0.03 0.26
P4 0.07 0.06 0.17 0.64 0.04 0.38
P7 0.14 0.27 0.19 0.38 0.02 0.52
P8 0.10 0.07 026 0.39 0.03 0.34
P9 2.40 0.01 036 0.19 0.07 0.39  0.28 0.04
P10 2.30 0.04 032 046 0.03 0.35
P11 0.70 0.09 045 021 Non-confidence statistically data
P12 0.06 0.12 021 0.69 0.01 0.9
av. 0.77 0.10 026 042
1999
P2 1.05 0.13 036 0.11 0.02 043 0.14 0.12
P3 1.85 030 120 0.37 0.02 0.40 0.11 0.55
P4 2.01 0.02 126 0.12 0.03 0.25 0.53  0.03
P5 0.08 0.04 120 0.26 0.06 0.50 0.23 0.05
P6 245 0.04 096 0.21 0.02 0.36 0.22  0.12
P11 0.32 0.10 0.84 0.33 0.02 0.36 0.20 0.17
P12 1.81 0.12 036 0.39 0.02 0.19 0.35 0.03

av. 1.36 0.11 0.89 0.26

*Standard errors of the parameters do not exceed 20-30 % (the sample means) and 10-15 % (the
relative values); **Standard errors of the parameters do not exceed 40-50 % (the sample means)
and 20-30 % (the relative values)

5.5.2 Distribution of Seeds on the Number of PCs
in Seedling Meristem

Let us consider stimulation of proliferation of resting cells, which significantly
contributes to adaptation. Stimulation of proliferation of resting cells is not a
compensatory mechanism (Luchnik 1958) and the number of PCs is an independent
value. We assume that the number of cells in a stationary phase can be described as
a stationary random branch process (see Sect. 3.4.3). It follows from the above that
the MA of cells in meristem can be described by the lognormal (LN) distribution of
cells on the number of PCs (Florko and Korogodina 2007)* in the first mitoses phase.
This conclusion is in agreement with the LN law described by A.N. Kolmogorov
(1986). In the case of intensive selection, the LN distribution can be transformed
into a geometric distribution (Florko and Korogodina 2007).

4The proof has been obtained together with V.B. Priezzhev
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Fig. 5.5 (a) The approximations of the experimental distributions of plantain seeds on the number
of PCs. Seeds were collected in the PS5 and P6 populations (1999) Plots: 1, experimental data;
2, 3, 4, geometric or lognormal modelling components; 5, sum of the modelling plots. (b) The
approximations of the experimental distributions of plantain seeds on the number of PCs. Seeds
were collected in the P12 population in 1998 (left) and 1999 (right) (b). Plots: 1, experimental
data; 2, 3, 4, geometric or lognormal modelling components; 5, sum of the modelling plots

Approximations of the experimental distributions of seedlings on the number of
PCs were performed by using criteria y2, AIC, BIC, T. Their analysis has shown
a sum of three LN distributions 3LN or a sum of two — the LN plus the geometric
ones 2LN 4 G (see Sect. 8.4.2). The geometric component is revealed in the cases
of the P5, P6, and P7 populations growing near the NPP (Fig. 5.5a) and P12, which
grows in the JINR territory (Fig. 5.5b). The relative value and sample mean of the
geometric component are 45-47 % and 33, respectively, for PS5 (1999) and P12
(1998) plant populations in comparison with the same for P12 in 1999 — 30 % and 4.

5.5.3 Regularities of the Adaptation-Processes Induced
by Nuclear Station Fallout in Plantain Populations

The parameters of the statistical model (1999) are presented in Figs. 5.6, 5.7, and
5.8. The parameters of seed distributions (Fig. 5.6) and cell distributions (Fig. 5.7)


http://dx.doi.org/10.1007/978-94-007-6630-3_8#Sec9

98 5 Adaptation and Genetic Instability in Ecology. Study of the Influence of Nuclear . ..

a C
3.0
= % 2a 2 %
£
o 2.0 % °) 2 ) % ]
£ ¢ 1
S 10} i)/’ o | & m
Q Q@ - C1,2 T
0.0 & &
041b 1 d _a 'T
Cl
g 03| ¢ 2 ¢ ¢ 1
] ¢
>
202 ¢
]
o ) .
c 01} i/ e Q g o) 2
@
0.0 L@ A A A | c2 oL .(I) |
0.1 0.2 0.3 0.4 05 go 559 1353
Antioxidant status, AOSg, Dose, relative units

Fig. 5.6 The parameters of *P and °G distributions of plantain seeds on the number of CCAs
in root meristem of seedlings (Korogodina et al. 2006) versus AOS (a, b) and the calculated
relative dose (¢, d). The sample mean (a, ¢) and value (b, d) of the *P and °G distributions
are shown (pl. 1 and 2, respectively). Points with the same dose-rate irradiation are connected
(a, b). P and *G (1998) are designed by the solid and dotted lines (cl,2), respectively
(c, d). The regressions, a: y=—0.48 +5.04x (p<0.05) (1), y=0.25+4.80x (p<0.05) (2);
y=—0.92+12.96x (p<0.05) (2a); b: y=—0.15+1.43x (p<0.05) (1), y=—0.04 + 1.02x
(p <0.05) (2); y=—0.10 + 0.53x (p < 0.05) (2a); c: polynomial fits (/, 2); d: polynomial fit (/);
y = 100/x* + 0.027 (2)

are shown as dependent of the seeds’ AOS (Figs. 5.6a, b and 5.7a, b) and the
calculated fallout dose near the NPP (Figs. 5.6¢, d and 5.7¢c, d) (Korogodina et al.
2010a, b).

The parameters of the °G2 and °P distributions characterize the damage for cells
of the sensitive subpopulation (Table 5.5) and therefore they are combined (Fig. 5.7).
These parameters are correlated with G value of the sensitive subpopulation
(p<0.001, df =5, n=7), which consists of more resistant survived seeds of the
sensitive subpopulation (Korogodina et al. 2010a). Thus, the *G subpopulation can
be considered as the instability-risk group which experiences selection.

The values of sensitive subpopulations of surviving seedlings (Fig. 5.6d; pl. 2)
and cells (Fig. 5.7d; pl. 2) decrease with the fallout dose rate (p < 0.1,df =3,n=15).
At the border (558 and 1,350) or inside (1,500 r.u.”) the 10-km zone, approximately

SEvaluation of this relative dose rate can be less reliable because this population was located
~ 100 m from the NPP in the shade of the smokestack.
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Fig. 5.7 The parameters of °G1 and °G2,°P distributions of plantain meristem cells on the number
of CAs (Korogodina and Florko 2007) for the seeds collected around the NPP versus AOS (a, b)
and the calculated relative dose (¢, d). The sample mean (a, ¢) and value (b, d) of the °G1, °G2 and
P distributions are shown (pl. 1 and 2, respectively). Points with the same dose-rate irradiation
are connected (a, /, 2). The regressions, b: y=0.73x 4+ 0.02 (p <0.05) ({), y=0.77x—0.12
(p < 0.05) (2); c: polynomial fits (/, 2); d: polynomial fit (/); y = 100/x'* + 0.027 (2)

70-80 % of seeds died, and the value of the selected seedlings °G is about 2-3 %.
Meristem cells of these survived adapted seedlings consist of the increased number
of late and primary DNA damages (p < 0.05) (Figs. 5.6¢, d and 5.7c, d; pl. 2).

The data related to the distributions of seeds collected in 1998 were used as
the control (Fig. 5.6¢, d, lines CI, 2). One can see that both sample means of
P and °G subpopulations increased in 1999 in comparison with 1998 (Fig. 5.6c¢),
which we can explain by the increased instability. The *P value decreased in 1999,
whereas the *G one was preserved (Fig. 5.6d). It can be assumed that increased
instability decreases the Poisson subpopulation, but the geometric subpopulation
does not decrease because resistance of seeds is constant. Finally, the fraction
of non-survived seeds increased (Table 5.3). We can suspect the combined effect
induced by heat and radiation stresses in 1999.

The comparison of the frequency of CCAs and non-survival of seeds growing in
the P2 (low AOS value) and P3 (high AOS value) plantain populations presents us
with a paradox: the frequency of CCAs is lower but non-survival is higher for the
P2 population where AOS value is lower (Table 5.4). It can be added now by the
calculated modelling parameters (Table 5.6). The sample mean is higher in the P3
resistant population than in the P-law and the geometric one. It follows from the
above that survival is higher in the resistant population and relative values should
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Fig. 5.8 Dependence of sample mean (a, ¢) and relative value (b, d) of seeds’ distributions on the
numbers of PCs in meristem of rootlet on AOS (a, b) and relative dose (c, d). Plots of parameters
of three LN distributions are marked with /7, 2, and 3

Table 5.6 A .cor.npafison Parameter P2 P3

of the seeds distribution

parameters for the P2 and P3 AOS 0.16 0.33

populations Non-survival ~ 72.6 32.6
‘P 0.11 £0.01 0.37 £0.04
SmP 0.36 £0.10 1.20£0.02
G 0.13£0.01 0.30£0.02
‘mG 1.05 +£0.17 1.85+0.13

also be greater (Table 5.5). It is demonstrated in Fig. 5.6 as well. For the seeds
collected in the P2, P3 populations of neighboring ecosystems (relative NPP fallout
dose rate = 82 r.u.), the parameters of the *P and *G distributions (Fig. 5.6b, pl. 1, 2)
and the G2 distribution (Fig. 5.7b, pl. 2) differed (p < 0.05) in dependence on the
seeds’ AOS. The picture shows increasing of the sample mean of *G-subpopulation
with the AOS (p < 0.05) (Fig. 5.6a, pl. 2).

Dependence of appearance of PCs on dose rate irradiation: The PCs can appear
in the P- and G-subpopulations due to heterogeneity of the proliferative pool, and
the third subpopulation corresponding to the activated resting cells (Florko and
Korogodina 2007). The analysis of the distribution of seedlings on the number of
PCs has shown preference for the 2LN + G model on Xz’ AIC, BIC, and T criteria
(see Sect. 8.4.2). The 3LN model meets the y >-criterion, and their parameters can
be used to investigate the dependence of the appearance of PCs on the NPP fallout
and AOS (Fig. 5.8).
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Parameters of all distributions depend on the AOS (Fig. 5.8a, b), but the second
subpopulation is the most sensitive (Fig. 5.8b). Dependence on the relative dose
rate is presented in Fig. 5.8c, d. The values of LN1 and °P, as well as LN2 and
G are correlated: |r|=0.83 (df =5, p<0,01) and |r] =0.95 (df =4, p<0.01),
respectively (Florko and Korogodina 2007). It suggests that distributions LN1 and
LN2 describe resistant and sensitive subpopulations of the PCs. The LN3 contributes
significantly in the MA, which is related to both G- and LN3- distributions
(homogeneity criterion, X2 =2.09; df =4; p<< 0.001). The value of the LN3-
distribution increases significantly (p <0.05) in the sanitary zone of the NPP
(Fig. 5.8d), thereby it elevates both the number of PCs and CAs (because most of
the resting cells are mutant (Bridges 1997)).

5.6 Two Evolution Strategies of Survival

In 1998, we could roughly separate two groups of populations: those at the riverside
and those at the steppe (Fig. 5.2a). The populations are capable of being attacked by
radiation in the first case and by chemical agents in the second. A strong correlation
of the (1 — S) value with the frequency of both CCAs and CAs was mentioned above
(Sect. 5.3). The general picture is that the low AOS value relates to the high number
of abnormalities and to decreased survival of seeds (Fig. 5.2a). That means inverse
relation of the number of CAs and survival, when the main instrument of survival
is cellular repair. This is in agreement with the absence of late processes in cells
because ‘G2- and ‘P-components of cells’ distributions were not revealed practically
for all populations (Table 5.5).

In 1999, such relations disappeared (Sect. 5.3, Fig 5.2b). The strong late
processes of chromosomal instability were observed which were revealed as ‘G2-
and “P-components of cell distributions (Table 5.5). The MA value was also
increased (Table 5.3) due to stimulation of resting cells (Fig. 5.5) that contributed to
survival and material for selection too. To conclude, we see the adaptation processes
induced by radiation-heat stresses: the chromosomal instability accompanied by
selection.

This example demonstrates methods to survive: the first strategy uses the
chromosomes’ reparation which was preferable in 1998, and the second one is based
on the adaptation to stress (1999). In both cases, the numbers of abnormalities
increase whereas the old genotype eliminates, especially while looking for new
adaptive genotypes. In 1939, N.W. Timofeeff-Ressovsky pointed out for the first
time (Timofeeff-Ressovsky 1939) that microevolution process includes both a
necessary increase of the material for evolution and decrease of a part of the old
population. Then, M. Eigen and P. Schuster (1979) showed that elimination of
organisms with old genotypes is necessary for survival of the new ones in the view
of living resources of the adapted population.
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5.7 Risk of Chromosomal Instability

It is of interest to calculate the risk of the chromosomal instability which always
accompanies genetic adaptation induced by the radiation stress factor. It can be
estimated by means of statistical modelling. The fitting divides the seeds’ population
into two subpopulations. The Poisson subpopulation corresponds to the primary
and late cells’ injuring, and the geometric one means the appearance of the same
accompanied by selection.

At the border of the sanitary zone, the number of abnormal cells was negligible
in 1998 (Fig. 5.6¢, 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 the G-one (Fig. 5.6¢). It is
enough to decrease the seed number from 80 to 20 % in the P subpopulation
(Fig. 5.6d). In the resistant fraction, the risk of injuring of cells can be calculated
with P parameter as 20 %. In the sensitive fraction, the risk of instability is
accompanied by selection and can be calculated with G-parameters as 1-2 %. The
risk of seed death is approximately 80 %. Risks of the bystander and chromosomal
instability processes increase with the decline of AOS (Fig. 5.6¢), and increase with
the fallout dose (Fig. 5.6d).

5.8 Summary

Effects of low-dose radiation comparable with the background are always debated. It
is difficult to register such effects, especially in nature, due to the influence of other
factors. These ecological investigations can be performed near the NPP because
their fallout does not exceed the background. The Balakovo NPP was chosen
as a radiation source because blood diseases in Balakovo inhabitants are well-
documented (Dodina 1998). The plantain seeds were used as the investigation object
since we can find natural populations having experienced different radiation effects.
The sources of the chemical pollutions are located in the Balakovo region which
should be taken into consideration. The method of statistical modelling is based on
the experimental data and has proved effective in these problems. The statistical
modelling divides the population into resistant and sensitive subpopulations and
model parameters are more sensitive than the averaged biological values.

The influence of the main environmental factors was studied before the anal-
ysis of the cytogenetic and survival data. Annual y-radiation dose rates are
~0.10-0.15 wSv/h that does not exceed the background (The Ministry of Atomic
Power of the RF et al. 1998a). It is shown that chemical pollution could influence the
plant populations in 1998 as well as high summer temperatures in 1999 (Korogodina
et al. 2006).
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Analysis of the averaged values: The AOS of seeds was studied to characterize
the cellular protection mechanisms induced by ROS. It is shown in (Zhuravskaya
et al. 2000) that AOS value of plants is determined by humidity of their population
site. AOS studies have demonstrated resistance of seeds from the steppe sites and
their sensitivity from the populations growing near the Volga River. Two population
sites are located at a short distance in the town of Balakovo, but they differ
significantly in humidity and therefore on seeds’ AOS. Cytogenetic values and
survival are different for the seeds collected there: both frequency of abnormal
meristem cells in seedlings and their survival are less in the sensitive seeds.

In 1998, the populations growing in the steppe were under chemical influence,
and seeds collected near the Volga River experienced radiation impact through
atmosphere. In 1999, the tested populations were growing at the Volga River and
experienced a combined effect of NPP fallout and high summer temperature. A
significant correlation is observed between the seeds’ survival and the number of
cells with abnormalities in seedlings’ meristem in 1998, and this correlation was
disturbed in 1999. It supposes different mechanisms which regulated the seeds’
survival and the number of cells with abnormalities in these years. We can assume
direct dependence of seeds (and cell) death on the number of abnormalities in 1998,
and prevalence of the adaptation processes in 1999.

These adaptation processes correct the cell genome by accumulation of abnor-
malities until features of seedling reach the balance with environmental conditions.
The process is determined by intensities of the primary and late damage processes,
and plant sensitivity.

Statistical modelling: The modelling was performed to study appearance of both
cells with abnormalities and the normal proliferated ones in meristem, and also CAs
in meristem cells (see Sects. 8.4.1 and 8.4.2). The modelling parameters correlate
among themselves and biological values and indicate the NPP fallout as the factor
which induces the instability and selection processes. It is necessary to stress that
the LN distribution of seedlings on the number of proliferated root meristem cells
transforms into the geometric one near the irradiation sources such as NPPs and the
JINR facilities.

Risk of chromosomal instability: As we see, the radiation stress induces chromo-
somal instability accompanied by selection. The probability of the chromosomal
instability and selection can be estimated by Poisson- and geometric values. Risks
increase with additional synergic factors such as high temperature. The described
processes lead to the changes of the previous genotype on the adaptive one.
Man-raised plants and breeds will change first of all because their genotype does
not accommodate to natural conditions (Glazko 2006). The second conclusion is
decreased numbers of some species right up to their disappearance; such examples
are presented in Sect. 3.3. In this case, the species’ abundance distribution can be
described by the geometric law.
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Chapter 6

Instability Process Across Generations.
Consequences of Nuclear Test Fallout
for Inhabitants

Abstract The radiation effects on the human populations living in regions distant
from the sites of nuclear explosions that took place in the middle of the previous cen-
tury are analyzed. The statistical modelling was performed to study the occurrence
frequency of abnormal lymphocyte cells among the proliferated ones in the blood
of individuals living in the Yamalo-Nenets autonomous district (North Siberia), and
settlements in Maloe Goloustnoe and Listvyanka (Pribaikal’e). Four generations
of individuals were tested. It was shown that the geometric model component
corresponds to the individuals with bad activated lymphocyte cells, lymphocyte pool
depletion, and increased mortality, and the Poisson model means accumulation of
abnormal cells. The Poisson component was only revealed in younger generations
and can be interpreted as “effect of youth.” The worst situation is observed in the
Northern population, which can be expected due to Northern permafrost and the
traditional food chain of “lichen-reindeer-man”. The influence of the radiochemical
industry on the occurrence of multi-aberrant cells in the blood of its workers and the
inhabitants of the town in which it operates was studied by the statistical modelling,
with elevated chromosomal instability being found. We conclude that chromosomal
instability induced by nuclear test fallout continued for four generations. It was
shown that the Poisson sample mean decreased very slowly across a generation
which disputes the opinion that reduction of cellular instability in youngsters in the
previous investigations was based on the averaged values. In addition, aging and
extreme conditions increase the risks of chromosomal instability and mortality.
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modelling « Aging » Chromosomal abnormalities * Transgenerational instability
Risks of chromosomal instability ¢ Radiochemical industry
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6.1 General Genetic Consequences of Radiation Impacts

The main consequences of dramatic radiation catastrophes have been studied by
examples of the Chernobyl accident and the Semipalatinsk nuclear explosions. It is
important to compare the late consequences for human populations living in the
radiation-polluted sites located close to the radiation source to those living at a great
distance away from it.

The examples will be considered as to how the nuclear tests performed in the
Novaya Zemlya and Semipalatinsk polygons in the middle of the previous century
influenced the Siberian inhabitants in the Polar Tundra and the Pribaikal’e region.
Perhaps the statistical modelling allows one to analyze some additional features of
the instability process in this particular generation because it “divides” the whole
population into resistant and sensitive fractions.

6.1.1 Consequences of Dramatic Nuclear Impacts

Scientists have performed a considerable number of investigations into the chromo-
some analysis of blood lymphocytes of individuals living in the radiation-polluted
sites or those which were directly irradiated due to nuclear tests in the Semipalatinsk
polygon, and by the accidents in the South Urals and Chernobyl (Dubrova 2003;
Yablokov et al. 2009; Shevchenko and Snigiryova 1999). V.A. Shevchenko (1997)
demonstrated the same genetic regularities on the territories polluted due to the
accidents in the nuclear power plants in Chernobyl and Three Mile Island, and
those related to the activity of the chemical plant Mayak in the Chelyabinsk region
and nuclear tests in the Semipalatinsk site. It is known that irradiation results in
genetic damages which induce mutations of different types: genome mutations,
chromosome mutations, and small point mutations. Investigations have shown a
significant increase of all types of mutations which include the total number of
chromosomal aberrations and specific markers of the radiation effect — the rings and
dicentrics in human populations living around the Chernobyl area and in the other
sites mentioned above in comparison with the control group (Yablokov et al. 2009).
The data are published on the genetic radiation-induced congenital malformation
and health of children of irradiated parents (Yablokov et al. 2009).

Chernobyl accident: Two years after the Chernobyl accident, .M. Eliseeva et al.
(1994) carried out a cytogenetic study of the children, dwelling in two regions
of Ukraine where radiation fallout had occurred. Chromosome analyses of these
individuals have shown a significant increase of the frequency of aberrant cells
and chromosomal type aberrations in comparison with the control group. The
authors have revealed a significant increase of the chromosomal-type aberrations
level, extension in the spectrum of complex aberrations of chromosomes (dicentrics,
rings and exchange aberrations) and a share of children with various chromosomal
abnormalities (CAs) through the years.
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Table 6.1 Comparative frequency (%, M % m) of aberrant cells and chromosomal
aberrations (per 100 lymphocytes) in different periods (Bochkov et al. 1972, 2001;
Pilinskaya et al. 1991; Bezdrobna et al. 2002; Yablokov et al. 2009)

Chromosomal
Date Region Aberrant cells  aberrations
Before 1986 Ukraine 1.43+£0.16 1.47+0.19
All over the world 2.1340.08 221+£0.14
1998-1999 Ukraine 320+0.84 3.51+£0.97

30-km zone of the Chernobyl ~ 5.02 £ 1.95 5.32+£2.10
nuclear power plant

The studies which had been performed by V.A. Shevchenko and G.P. Snigiryova
(1999) showed that during the whole period of investigations (1986-2004) the
frequency of dicentrics in peripheral blood lymphocytes was significantly higher
than the control level. The cytogenetic investigations (1992—-1994) of the Bryansk
region inhabitants showed its value increased by five times in comparison with the
control group.

Over many years, V.A. Shevchenko (Moscow N.I. Vavilov Institute of General
Genetics) and his colleagues studied the consequences of the Chernobyl accident
in some sites, and showed a high frequency of CAs including the radiation markers
which continued across generations (Shevchenko 1997).

In the United Kingdom, Yu.Dubrova et al. (1996) showed that DNA mutation
level was on average two times higher in the children who were born in Belarus in
1994 and whose parents lived close to the polluted territories after the Chernobyl
accident than in the children in control families in the United Kingdom, and that
it was correlated with the radiation pollution level of the territory where their
parents had lived. The number of mutations increases not only in somatic but also in
generative cells. The level of small mutations in mini-satellite DNA in the children
who were born in Belarus and Ukraine and whose parents had lived in the radiation-
polluted territories was approximately two times higher than in the children in the
United Kingdom (Dubrova et al. 1996; Dubrova 2003).

The monography “Chernobyl: the consequences for man and nature” (Yablokov
et al. 2009) presents the data 20 years after the Chernobyl accident. The cited
data have demonstrated a significant increase of the frequency of chromosomal
aberrations in the polluted areas (Lazjuk et al. 1999; Sevan’kaev et al. 1995;
Vorobtsova et al. 1995; Mikhalevich 1999). The comparison of the data on the
frequency of aberrant cells and chromosomal aberrations investigated in different
periods is presented in Table 6.1.

Semipalatinsk test site: A lot of investigations were devoted to chromosomal
instability, which was established in persons living near the Semipalatinsk test
site. The cytogenetic examination of 178 persons living in seven settlements of
the Altai region exposed to ionizing radiation during the Semipalatinsk nuclear
tests in 1949-1962, was carried out by V.A. Shevchenko et al. (1995). The
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frequency of chromosomal aberrations (dicentrics and rings) significantly exceeded
the control level. The cells with more than one aberration were revealed in irradiated
persons.

In 2003, Almaty scientists described chromosomal instabilities (Abil’dinova
et al. 2003) in the persons who were born and have permanently lived in the con-
taminated zones of the Semipalatinsk region. A cytogenetic study has demonstrated
that the frequency of aberrant cells is 1.7-3.0 times higher than control parameters.
The total frequencies of chromosomal aberrations are 3.43 £ 0.48 and 1.15+0.17
aberrations per 100 cells in the populations of the extreme radiation risk and control
zones, respectively. The high chromosomal aberration rate in the radiation risk zones
has been detected mainly due to radiation-induced chromosome markers, including
dicentric and ring chromosomes and stable chromosomal aberrations. The data were
published on the genetic polymorphisms and expression of minisatellite mutations
in a 3-generation population around the Semipalatinsk test site (Bolegenova et al.
2009) as well as on the unstable-type chromosomal aberrations in lymphocytes from
individuals living close to explosions (Tanaka et al. 2006).

Cited publications by V.Shevchenko and his colleagues, as well as Kazakh and
Japanese scientists showed the total high chromosomal aberration rate, including
the unstable and stable abnormalities in blood lymphocytes of persons living in the
zone of the Semipalatinsk region.

6.1.2 Population of the Tundra Nenets Living in the Purov
Region of the Yamalo-Nenets Nenets Autonomous Area
as a Model to Investigate Consequences of Nuclear Test
Fallout Impacts

For a long period of time, the Northern territory of West Siberia was being polluted
by anthropogenic radionuclides from the fallout of the nuclear facilities at the
polygons of the USSR, China, and the USA. The main contribution to the radiation-
induced damage was caused by nuclear explosions in the Novaya Zemlya polygon:
its energy-release quota consists of relatively 94 % of all nuclear tests in the USSR
(Osipova et al. 2000a).

Long-term investigations of the Tundra Nenets population living in the basin of
the Pour River (the Pour region of the Yamalo Nenets autonomous area) (Fig. 6.1)
have revealed the increased frequency of gross CAs, derivative immunodeficient
states and changes of the blood characteristics that are specific for inhabitants of the
radiation-polluted regions. The long-lived radionuclides detected in the components
of the biogeocenosis showed considerable modern radioactive pollution in the
Northernmost inhabited territories of Russia. In this connection, the ecological
food chain lichen-reindeer—man is very important. In 2000, the Cs'3” contamination
was averaged at 118.2 and 162.1 Bg/kg in lichen Cladina stellaris and venison,
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Fig. 6.1 Yamalo-Nenets
Autonomous Area (Yamalia)
(Republished from (Osipova
et al. 2000a))

Nove:ya Zemlya

RUSSIA

° Novosibirsk
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Tarko-Sale

Pour district

respectively.! Chronic consumption of this venison is a source of internal irradiation.
Proximity of the tested territories to the Northern nuclear polygon allows one to
consider it the main source of the radiation pollution after the nuclear tests in Novaya
Zemlya (Osipova et al. 2000a).

Ninety individuals were randomly chosen, and the general analysis of their
peripheral blood was carried out (Osipova et al. 2000b). The analysis showed that
17 % of the observed individuals had the maximal departure from the regional norm
related to the decreased contents haemoglobin, leukocytes eosinophilia (it is not
connected with helminthic invasion), and destruction of the erythrocyte form. Only
24 % of tested individuals had the normal blood characteristics.

I'Studies were performed in the Novosibirsk Joint Institute for Geology, Geophysics and Mineral-
ogy SD RAS.



112 6 Instability Process Across Generations. Consequences of Nuclear Test Fallout. ..

Number of cancers per 2000 individuals
w
1
(=

1 1 1 1 1 1 1 1

76 78 80 82 84 86 88 S0 92 94
Years

Fig. 6.2 Cancer mortality in the settlement of the Samburg population and the number of cancers
in the Gomel and Mogilev (Belarus) inhabitants. The cancer mortality in the Samburg inhabitants
(1976-1995) (1, the black line) (Osipova et al. 2000b). The std errors are shown (The high level
of the std. errors is explained by the small numbers of the Tundra Nenets population (about 2,000
individuals)). The number of cancers in the Gomel (2, the black lines) and Mogilev (3, the grey
lines) regions during 1977-1994 years (Yablokov et al. 2009); radionuclide pollutions: <5 Ci/km?
(the solid lines) and >15 Ci/km? (the dotted lines)

Figure 6.2 shows the dramatically increased cancer mortality in this region,
which had previously been unusual for the native population. It can be compared
with the data on the number of cancers registered during the years 1977-1994 in the
Gomel and Mogilev regions (Belarus) for low (<5 Ci/km?) and high (>15 Ci/km?)
levels of radionuclide pollutions.”

To evaluate the introduction of radionuclides and their migration into the tissues
of the native inhabitants (and the children especially), placentae samples of the
Nenets (80) and Russian (10) women (1999-2000) were collected after they had
given birth. The Russian women lived in the city of Novosibirsk. Radiocesium was
not revealed in the placentae of the Novosibirsk Russian women. But '¥’Cs was
revealed in all placentae of the Nenets women, its content varied from 1 to 27 Bg/kg.
So it has been established that the introduction of low irradiation doses into the
tissues of the mother and child will negatively influence the health of both of them.

2The data on the number of cancers were given in (Yablokov et al. 2009).
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The population of the Tundra Nenets living in the Pour region has been chosen
as a model for complex genetic and ecological investigations, the reasons being as
follows (Osipova et al. 2002):

1. This group lives relatively close to the Novaya Zemlya archipelago and the
nuclear test polygon;

2. The small number of individuals (about 2,000 persons) and their ethnic homo-
geneity allow one to study little samples, limitation of their constant habitat, and
migration beyond the tested region;

3. This group is well-studied from the point of view of its population and specific
genetic features, providing regular genetic-ecological monitoring;

4. Preservation of its traditional seminomadic lifestyle and the simplification of
study by the resultant basic food chain: lichen-reindeer-man, and water-fish-man.

6.1.3 Radiation Effects of the Semipalatinsk Nuclear Test
Fallout in the South Baikal Zone (Pribaikal’e)

The soil contamination in the Altai and Baikal (Pribaikal’e) regions was studied only
in the 1990s. At that time, '3’ Cs-contamination was high in both regions and reached
200-400 Bg/kg.* Analyses showed that the Semipalatinsk nuclear tests (1949-1962)
were the source of these pollutions (Boltneva et al. 1977; Scherbov et al. 2006)
(Fig. 6.3).

The radiation fallout occurred in the 2-3 days after the nuclear tests, and their
effects were serious: the accumulated doses of the external radiation exposure were
on the average of 5-18 cSv (Scherbov et al. 2006; The Ministry of Nature of RF
1992). The summarized irradiation dose, which can be accounted for adult individ-
uals, is 10-40 cSv; it is several times greater for the children (Nepomnyaschih et al.
1999). Both the total and infantile mortality and cancer levels in this region relate
to the criteria of the ecological disaster area and the zone of the extreme ecological
situation (The Ministry of Nature of RF 1992). Nowadays, the Pribaikal’e territory
contamination is safe for human habitation and economic activity.

The settlement of Maloe Goloustnoe (Fig. 6.3) was chosen for the medicine and
genetic investigations in the Irkutsk region. Maloe Goloustnoe is considered for the
test site because:

1. It is located in the direction of the ground wind of the Semipalatinsk test site —
Irkutsk in the 13.08.1953 and 25-26.08.1956, when the greatest radioactive
fallout was observed in Irkutsk;

3The gamma-spectrometer analysis was performed in the laboratory of nuclear methods in the
Central Analytic Laboratory “Sosnovgeologiya” (1992)
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Fig. 6.3 The Irkusk region. Map of the '3’Cs fallout density (The map is made in “Sosnovgeos”
on the data of “Sosnovgeosservis”, the Institute of Geochemistry SD RAS, and “Irkutskgeologiya”.
The authors are L.G. Korshunov, V.I. Medvedev (Medvedev et al. 2005).)

2. It is characterized by a high level of anthropogenic radioactive pollution: '3’Cs
settling density on soil 200 mCi/km? and Pu contamination 4.5 6.8 Bg/kg;

3. It is a safe settlement in regard to the chemical pollution that makes it possible
to evaluate the influence of the radiation factor “per se.” The medical-genetic
and cytogenetic investigations showed the steady health impairment across
generations that verifies late consequences of nuclear tests and genome instability
(Medvedev et al. 2005, 2009).

A group of individuals living in the settlement of Listvyanka was analyzed in
addition to the Maloe Goloustnoe sample. Listvyanka experienced radiation impacts
due to the Semipalatinsk explosions and its location in the polluted area (Medvedev
et al. 2009).
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6.2 Objects and Methods of Radiation
Epidemiology Investigations

6.2.1 Description of the Tested Sites and Populations
in the Yamalo Nenets Autonomous Area

Characteristics of the polar Tundra Nenets population living in the settlement
of Samburg and neighboring tundra: The population of Tundra Nenets living
in the settlement of Samburg and neighboring tundra (the Pour region of the
Yamalo-Nenets autonomous area) is about 2,000 individuals who are settling in
an area of approximately 100,000 km? and have a mainly nomadic life (Fig. 6.4).
This population is ethnically homogeneous, and the migration quota from without
and into this area is small. The economy is based on reindeer breeding, fishing,
and hunting. The population is genetically well-studied. The samples of tested
individuals consisted of those who had immediately experienced the radiation
impacts and their progeny.

Radiation situation in the Pour region: At the end of the previous century, the
components of biogeocenosis were analyzed: forest floors, mosses, lichens, peats,
and sea-floor sediments, and also some samples of vegetation that are food for the
reindeer in summer. Samples of venison, which is the main food for Tundra Nenets,

Fig. 6.4 Map of the Pour region of the Yamalo-Nenets Autonomous area
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Table 6.2 '37Cs — activity in the components of the biogeocenosis of the Pour
region (1998-2000)*

Components 137Cs, Bg/kg Components 137Cs, Bg/kg
Forestfloors 320 (19-610) Liver 53 (17-131)
Mosses 89 (2-738) Kidneys 140 (46-317)
Lichen 118 (9-372) Lungs 54 (30-82)
Peats 130 (60-200) Heart 65 (47-99)
Sea-floor sediments 59 (33-102) Bone marrow 15 (2-38)
Fungi white dry 194 (170-219) Bone tissue 18 (3-57)
Leaf of alder and birch 64 Fish 6 (0-10)
Horsetails 42 (8-76) Cowberry 7(2-12)
Venison 213 (48-315) Cranberry 10

Dried venison 1,200

The data are given in terms of air-dry mass excluding the samples of different
reindeer organs, which were analyzed in the native state. The interval of the
137Cs contamination is given in the brackets

2These data were presented by the Institute of Cytology and Genetics SD RAS
(Novosibirsk), the Joint Institute for Geology, Geophysics and Mineralogy SD
RAS (Novosibirsk), and the Institute of Chemical Kinetics and Burning SD RAS
(Novosibirsk)

were collected. '*’Cs was determined by the gamma-spectrometric, and *°Sr — beta-
radiometric methods at the Joint Institute for Geology, Geophysics and Mineralogy
of the Siberian Department of the Russian Academy of Sciences (Novosibirsk). The
results of the '37Cs — activity are shown in Table 6.2.

Many publications are devoted to the problem of “cup moss-reindeer-man”,
but these investigations date back to the 1960s—1970s (Liden 1961; Nizhnikov
et al. 1969). Nowadays, '¥’Cs is detected in all tested sites; its activity for the
biogeocenosis components varies widely (Table 6.2) (Osipova et al. 2000a, b).

Undoubtedly, these variations are, first of all, caused by irregular radioactive
fallout that was mentioned by all radioecologists, although the species of plants
is of great importance. So, the spread of the '3’Cs activity is 58—144 Bg/kg for the
different species of lichen collected in the area of 10 m x 10 m in the Pour region.

The !¥’Cs activity in venison is high enough (Table 6.2) to be a constant source
of chronic internal radionuclide irradiation for the Tundra Nenets. The dried venison
is a significant part of the summer ration of the native inhabitants and the value of
1,200 Bg/kg per one sample of the dried venison is very dangerous. For comparison:
nowadays, '37Cs is not detected in mutton or beef from the Altai territory which is
located near the Semipalatinsk test site.

As for *Sr, its contamination in the reindeer bone tissue is high enough and
varies within the 108-555 Bq/kg contamination that exceeds the overload capacity
(200 Bg/kg) in some samples.

The long-term complex investigations showed that the territory of the Pour region
of the Yamalo-Nenets autonomous area experiences the anthropogenic factor, and
the residual radioactive pollution has a dominant role in comparison with pollutions
by heavy metal and fallout of the oil and gas complex (Osipova et al. 2000a, b).
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Table 6.3 Cells with chromosomal abnormalities (CCAs) in the population of the
Tundra Nenets (Osipova et al. 2000a)

Total number, occurrence frequency
and confidence interval

Number of ~ Number of Cells with rings

Group individuals  metaphases Aberrant cells and dicentrics
Total 170 18,406 588 83

3.19 0.45

(2.9-3.4) (0.36-0.55)
Adult individuals 114 12,310 444 70

3.61 0.57

(3.3-3.9) (0.44-0.71)
Children 56 6,096 144 13

2.36 0.21

(2.0-2.8) (0.11-0.34)

The individuals living in the tested site who experienced the radiation impacts or their
offspring were investigated. The table was taken from the paper (Osipova et al. 2000a)
The worldwide data can be used as the control: total number of aberrant cells is 0—1.5 %,
number of cells with rings and dicentrics is 0.05-0.21 % (Bochkov 1993 )

Genetic and medical investigations of inhabitants of the Siberian North tundra:
The genetic investigations performed in 2000 showed the total high frequency
of chromosomal aberrations and significant occurrence of the radiation markers
(Table 6.3). It was revealed that the occurrence frequencies of the total CAs and
both rings and dicentrics are 3.19 and 0.45 % that exceeds significantly the upper
limits of the accepted norms of these values equal to 1.5 and 0.1 %, respectively
(Osipova et al. 2000a). For adult individuals, these values are higher: 3.61 and
0.57 %, respectively.

In the children’s group (N = 56), the general frequency of cells with abnormali-
ties is equal to 2.36 %, which exceeds significantly (p < 0.05) the control level. The
rings and dicentrics are revealed in the blood of 13 children from 56 (this is 23 %
from the total childrens’ sample). The average frequency of the radiation markers
observed in the blood of the Samburg children is 0.21 %, which exceeds the upper
limit of the datum-control-level by two times. The same cytogenetic investigations
were carried out in the children with multiple defects of development and atypical
jaundice of the newborn living together with their parents near the Semipalatinsk test
site (Matveeva et al. 1993). It was shown that the general frequency of the cells with
abnormalities in these children was 2.8 and 2.7 %, respectively, and 40 % of the total
aberrations are of the chromosomal type (breaks, changes, rings). So the level of the
CAs in the Samburg children is comparable to the same in the children with multiple
defects of development and atypical jaundice of the newborn living in the Altai
radiation-polluted zone. Although the sample size is not large, the obtained data
can indicate both transgeneration of the genetic abnormalities and existence of the
current strong ecological factors which influence the stability of the chromosomal
apparatus in cells.
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Fig. 6.5 Distribution of the tested samples on groups with the lower (/), moderate increase (/) and
high general (/II) frequency of cells with abnormalities. The total sample of Tundra Nenets (170)
(a), adult part of the sample (114) (b), children (56) (c), x-axis: the groups of tested individuals;
y-axis: number of the individuals. Quota of the individuals with radiation markers (rings and
dicentrics) is black colored

The total sample (N = 170) of individuals was divided into three groups with
different levels of the general frequency of CCAs (Osipova et al. 2000a): I — the
frequency of CCAs is lower than the control one (the frequency of CCAs < 1.5 %),
II — moderate increase of the frequency of CCAs (1.5 % <the frequency of
CCAs <3 %), and III — high frequency of CCAs (the frequency of CCAs >3 %)
(Fig. 6.5). It is shown that the frequency of CCAs does not exceed the control in
38% of individuals; it moderately increases and exceeds the control by more than
two times in 27 and 35 % of the individuals, respectively. The radiation markers —
the rings and dicentrics — were observed in 9, 39, and 53 % of individuals in the first,
second and third groups. The frequency of the radiation markers tends to increase
with the frequency of cells with general CAs.

The authors (Osipova et al. 2000a) assumed a positive dynamics for the
children’s group (C): the group for which the frequency of CCAs approximates
the control level (I) is two times bigger than the group with the increased frequency
of CCAs (II).

The data on the number of cells with abnormalities is presented for samples of
the individuals living in the settlement of Samburg and Polar Tundra in Sect. 8.6.1.

In 2002, studies were performed to compare the aborigines’ and Caucasoid
migrants’ data (Osipova et al. 2002). The results are shown in Table 6.4, and
generally they are in agreement with the data presented in Table 6.3: the elevated
frequencies of CCAs are registered in blood lymphocytes of the Samburg Tundra
Nenets, and only in 25-30 % of the examined grown-ups do the CCA levels not
exceed the control group. The situation is somewhat better with the subgroup of
Nenets children, where about 2/3 have normal levels. If Nenets or migrants have
elevated CA levels in their blood, then there is a tendency to accumulate radiation
markers. The cytogenetic data on the migrants differed surprisingly strongly from
the norm. This fact may be explained by either — their having lived in the
ecologically hostile environment of the North for a long time or by the year or place
of their birth (Chelyabinsk, Perm, etc.).
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Table 6.4 Cells with abnormalities in the Samburg Tundra Nenets vs migrants

Cells with rings

Metaphases,  Aberrant cells, total, and dicentrics, %;
Sample size N number %; confidence interval confidence interval
Total 246 26,808 821 113
3.06 (2.9-3.3) 0.42 (0.35-0.5)
I. Aborigine 171 18,436 587 77
3.18 (2.9-3.4) 0.42 (0.35-0.52)
II. Adult Caucasoid 75 8,372 234 36
migrants 2.8(24-3.1) 0.43 (0.3-0.57)
Adult aborigine 114 12,240 442 65
3.61 (3.3-3.9) 0.53 (0.41-0.67)
Aboriginal children 57 6,196 145 12
born in 1980 or 2.34 (1.9-2.7) *0.19 (0.1-0.31)

later

The data statistically (p <0.001) exceed the control levels in all groups except where
asterisked (p > 0.05). Data was published in (Osipova et al. 2002)

The worldwide data were used as the control: the total number of aberrant cells is 0-1.5 %,
number of cells with rings and dicentrics is 0.05-0.21 % (Bochkov 1993)

Note that 11 % of the blood samples failed to grow on the culture medium. It
is possible that this is due to the so-called “immune depression,” since secondary
immunodeficiencies were not rare in those people.

The immunologic investigation was carried out in the population of Tundra
Nenets showing the specificity of their immune status (Osipova et al. 1999): the
secondary immunodeficiency states were observed in 27 % of the Tundra Nenets
whereas the percentage of the healthy ones was 23 (in the town of Tyumen, 14 and
3 %, respectively). The number who suffered from chronic inflammatory diseases
increases among the aged individuals.

The comparison of these investigations with the results of the cytogenetic studies
of the blood lymphocytes has shown that the quota of individuals who suffered
from secondary immunodeficiency is high in the group of individuals whose
blood lymphocytes are not stimulated, giving evidence of the so-called “immune
depression” of cells, and the group of individuals with secondary immunodeficiency
is characterized by a higher (1.7 times) frequency of cells with radiation markers
(rings and dicentrics).

Apparently, radiation is a crucial factor for chromosomal instability. These
data are of a special prognostic importance because they indicate higher risks of
developing pathologies, including cancer diseases. Thus, the parents who were born
in 1965 and 1969, and had rings and dicentrics in their blood, gave birth to a blind
daughter in 1997. Cancer accounts for several deaths in the Nenets between 1992
and 2001, and all cases had cytogenetic figures considerably beyond the norm.
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Fig. 6.6 Lake Baikal, Irkutsk region. Settlements Maloe Goloustnoe and Listvyanka (signed by
red color)

6.2.2 Description of the Tested Sites and Populations
in the Pribaikal’e Region

The human population living in the settlements of Maloe Goloustnoe and
Listvyanka: The settlements of Maloe Goloustnoe and Listvyanka are located in
the Irkutsk region (Fig. 6.6), and are mainly populated by Russians. The soils are
used for agriculture. Listvyanka is the most popular place at the Baikal Lake, and a
major tourist center of the Baikal today.

Radiation situation in the Pribaikal’e tested sites: During the nuclear test
operation in the Semipalatinsk polygon (1949-1962), the radiation effect on the
persons living in South Pribaikal’e was considerable (Medvedev et al. 2005,
2009). Figure 6.3 shows the trajectory of the air streams spreading the nuclear
test products from the Semipalatinsk test site resulting in strong fallout in the South
Pribaikal’e region (1953, 1956). The trajectory (12.08. 1953) passed through Maloe
Goloustnoe. High density of the '*’Cs is observed in Listvyanka, where the '3’Cs
fallout density exceeded 80 mCi/km?. For the Maloe Goloustnoe and Listvyanka
sites, the accumulated doses were of 5-18 c¢Sv due to external irradiation (The
Ministry of Nature of RF 1992). These doses could increase up to 10-40 cSv for
adults, and they were sometimes higher for children (Nepomnyaschih et al. 1999) if
we take into account the internal J'3! irradiation with home-produced milk.
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Investigations of inhabitants of Maloe Goloustnoe: The investigations were per-
formed with the individuals living permanently in Maloe Goloustnoe (2003—-2006)
(Osipova et al. 2008). The tested sample consisted of individuals born in 1950-
1989, and they or their parents join the risk group which had experienced the
fallout of the Semipalatinsk nuclear test (12.08.1953). The cytogenetic sample
consisted of 64 individuals from the 243 people tested. The total frequency of cells
with abnormalities was observed, and it was shown that for 10 individuals (that
is 16 % of the tested sample) the frequency of CCAs was approximately equal
to the control level (1.5 %). The cytostatic and cytotoxic effects were detected
in seven individuals (it is 11 %). Specific radiation markers were revealed in
24 individuals (43 %) who often had other types of CAs, such as inversions
and translocations. The multi-aberrant cells (rogue cells) were revealed in ten
individuals, and were always accompanied by other types of abnormalities: rings,
dicentrics, translocations, cytostatic and cytotoxic effects. The frequency of cells
with all types of abnormalities was 4.3 %. Besides them, the aneuploid cells were
observed (47, XXX; 48,XXXX; 47,XX + 21), and the frequency of the aneuploidy
was 0.2 %. These results have demonstrated considerable cytogenetic effects in
the risk group of individuals living in Maloe Goloustnoe. The observed high
frequency of the multi-aberrant cells and unstable chromosomal aberrations (rings
and dicentrics) suggest that the leading part of these effects belongs to the ionizing
irradiation caused by the Semipalatinsk nuclear test.

6.2.3 Cytogenetic Analysis

The Novosibirsk Institute of Cytology and Genetics of SD RAS performs regular
investigations of blood lymphocytes in the Tundra Nenets population and longtime
inhabitants of the Irkutsk region. The data used for statistical modelling were
collected during many years of studying.

The material for the cytogenetic analysis was peripheral blood lymphocytes
of the individuals. Lymphocyte cultivation was carried out by using the standard
macromethod (Moorhead et al. 1960). Fixation of the cultures was provided for 48 h
of cultivation (the first cell division). The total spectrum of the structural aberrations
of the chromatid as well as of chromosome types was considered to be a criterion
for assessment of the mutagenic effect (Cao et al. 1981). The so-called “gaps” and
aneuploid cells were not taken into consideration. Identification of the nature of
chromosome damage and detection of the mutations of some karyotypes was made
on differential colored preparations (Seabright 1971).

Frequency of lymphocyte 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 individuals living
in these settlements are published in (Osipova et al. 1999, 2002).
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6.3 Statistical Modelling for Persons Living
in the Radiation — Polluted Areas

6.3.1 Methods of the Statistical Modelling

Modelling: In the case of blood lymphocytes, we need to address the frequency of
cells with abnormalities. One should analyze the distributions of individuals on the
occurrence frequency of abnormal cells among proliferated cells (PCs). This issue
was specially investigated because the numbers of both abnormal cells and PCs
are independent values (see Sect. 3.4.4). It has been shown that the distributions
on the frequency of cells with abnormalities can be used to analyze instability
processes (Florko et al. 2009), but individual distribution on the number of PCs
should be accounted. The individual numbers with a small number of PCs influence
the distribution tail.

Samples of individuals: Random samples of the persons living in the settlements
of Samburg and Maloe Goloustnoe were studied. The samples of persons were
divided into four groups corresponding to the individuals who had been immediately
irradiated by the fallout, and their children, grandchildren, and great-grandchildren.
The aged individuals, who had experienced the radiation fallout in the case of the
Listvyanka site, were investigated.

The sample of known healthy individuals was used as the control group. They
are the individuals living in the city of Novosibirsk because it is difficult to find an
ecologically pure region in Siberia. The blood sample (1 ml) of the individuals from
the control group should contain not less than 100 activated lymphocytes.

Approximations: The methods of approximation, assessment of its efficiency, and
statistical treatment were the same as for investigations of the appearance of cells
with abnormalities in plant seedling meristem (see Sect. 8.1). The best hypothesis
with respect to the majority of criteria was preferred. For close values of criteria, the
“simpler”” hypothesis was chosen.

As a rule, the statistic samples are small in the case of modelling for persons.
At present, the modern special mathematical methods have been worked out to
study the small samples. Some of these are presented in Sect. 8.1. The small-sample
statistics were used; therefore, the stability of distributions was always verified.
The verification consisted in variation of the length of the partitioning interval for
histogramming.

6.3.2 Examination of the Distributions of the Control
Group of Individuals

The control group consists of the cytogenetic data provided by the Novosibirsk
Institute of Cytology and Genetics of SD RAS and the town medical laboratories.
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To be sure in the control, both groups of data were examined for their homogeneity.
In the first case, the identity of the distributions for different ages (<25 and 25-50
years) was checked (Fig. 6.7). The second sample was divided into sub-samples
corresponding to different numbers of analyzed metaphases. The first data showed
full identity of the distributions for different ages.

Examination of the medical data showed their unsuitability for the investigations
(see Sect. 8.6.2), mainly because the first 12—-13 metaphases had been analyzed.
A small part of these medical data was used to estimate the “control” distribution
of the individuals on the frequency of cells with abnormalities (Fig. 6.8). The
control group was completed by the cytogenetic analyses where the number of the
checked metaphases exceeded 30. The data performed in the scientific laboratory
were analyzed for the final conclusions.
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Fig. 6.9 Experimental distribution of individuals on the frequency of cells with abnormalities and
its approximation by the geometric law. The sample of individuals living in the settlements of
Listvyanka, Maloe Goloustnoe, Samburg, and South of the Pour region. Number of accounted
lymphocytes was Ny < 30. Experimental distribution — the points with the std. errors. Modelling
by the geometric law — the line, the sample mean mG = 2.87. Model efficiency: x?/df =0.28,
df =16, p>0.01

6.3.3 Comparison of the Distributions of Individuals
with Normal and Low Activated Cells on the Frequency
of Cells with Abnormalities in Blood Lymphocytes

Medical-genetic investigations of Tundra Nenets population revealed connections of
high secondary immunodeficiency of individuals with low activation of their blood
lymphocytes (“immune depression” of cells) (Osipova et al. 1999). Moreover, the
cytogenetic analysis has shown high frequency of cells with abnormalities, multiple
aberrations (rock cells) and high frequency of cells with radiation markers (rings
and dicentric) in these cases.

It is of interest what type of distribution corresponds to the case of bad
activated lymphocyte cells. The samples of individuals were chosen to compare
the distributions for individuals with bad and normal activated blood lymphocytes.
These samples consisted of individuals whose number of accounted lymphocytes
was less than 30 Ny, <30 and equal to 100 Ny, = 100 (city of Novosibirsk,
laboratory data). The first sample was chosen from the individuals living in the
Irkutsk region (the settlements of Listvyanka and Maloe Goloustnoe), and Yamalo-
Nenets autonomous area (the settlement of Samburg, South of the Pour region).

Experimental distributions for the individuals whose number of accounted
lymphocytes was less than 30 Nypp <30 and equal to 100 Ny, =100 on the
frequency of CAs, are shown in Figs. 6.9 and 6.10. The statistical modelling shows
that the more effective models are the geometric for individuals whose number of
accounted lymphocytes was less than 30 Ny, < 30 (Fig. 6.9) and the Poisson in
the case of accounted lymphocytes equal Ny, = 100 (Fig. 6.10). It assumes that
the types of the distributions of the individuals with normal and bad activated blood
lymphocytes are different.
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Fig. 6.10 Experimental distribution of individuals on the frequency of cells with abnormalities
and its approximation by the Poisson law. Control sample of the individuals living in the city of
Novosibirsk. Number of accounted lymphocytes was Ny,pn = 100. Experimental distribution — the
points with the std. errors. Modelling by the Poisson law — the line, the sample mean mP = 1.65.
Model efficiency: y2/df =0.32, df =2, p>0.01

Table 6.5 Number of individuals whose blood cells were bad or
not activated (the Samburg sample, 1997)

Niotal n; (Nmph < 30) ny (Nmph = O)
Number of individuals 163 13 23

The sample means of the P- and G-laws are mP = 1.65 and mG = 2.87, respec-
tively. The P- sample mean is low, and we can suggest the spontaneous nature of
abnormalities (this parameter should be increased when cells with abnormalities
have accumulated, see Sect. 3.4.1). It is expected for the normal activated blood
lymphocytes and healthy individuals.

The geometric law is revealed for individuals with poorly activated blood
lymphocytes. We can suggest the domination of the instability together with the
selection processes in the blood of this group of individuals. It is understandable
because the instability and selection processes mean a growing number of dead sen-
sitive blood cells that leads to depletion of the lymphocyte pool. On the other hand,
the cells’ instability can be closely related with the bad activation of lymphocytes.
All these effects result in a high percentage of fatal cases of sensitive individuals.
The medical examination showed that individuals with bad activated blood cells had
suffered different diseases including the blood illness (see Sect. 6.2.1).

We can alternatively check the assumption that the data with the decreased
number of activated lymphocytes are related to the cases of poorly stimulated blood
cells. This situation is observed in the Samburg sample (Antonova et al. 2008a):
the maximal number of individuals with a minor number of active accounted blood
cells (n;) corresponds to the maximal number of individuals without the growth of
stimulated cells (n;) (Table 6.5). In Sect. 6.3.5, we show that the Samburg sample
of individuals is geometrically-distributed.
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6.3.4 Comparison of the Distribution Structures of Individuals
Under 18 and Those Older Living in the Pribaikal’e
Region on the Frequency of Cells with Abnormalities

The samples of individuals living in the settlements of Maloe Goloustnoe and
Listvyanka are characterized by high frequency of cells with abnormalities in blood
lymphocytes (Osipova et al. 2008; Medvedev et al. 2009). The examination was
performed with these data on the homogeneity by comparison of the distributions
for men and women (see Sect. 8.6.3) to be sure of their high quality.

The structure of distributions of these individuals was studied to investigate
processes across generations related to these high frequencies (Antonova et al.
2008b).

The sample of individuals living in Maloe Goloustnoe was divided into four
age groups: parents (60—80), children (40-59), grandchildren (18-39), and great-
grandchildren (<18). The sample of individuals living in Listvyanka (23 individu-
als) consists of the “parents”.

The modelling was performed (see Sect. 8.6.4), and the best distributions are
shown in Fig. 6.11. The type of distribution for samples of individuals living in
Maloe Goloustnoe changes between generations:

G>G+P—>P—P 6.1)

We see a tendency to decrease the relative value of the geometric component
and the sample mean of the Poisson distribution, although the Poisson sample mean
for the great-grandchildren’s group preserves its higher value (3.1) in comparison
with the control group (the city of Novosibirsk) (1.4).

We can assume that the geometric distribution means instability and selection
processes which can lead to the death of individuals with multiple numbers of cells
with abnormalities (Fig. 6.11a, b). The youngest generation groups are the Poisson—
distributed with increased sample means (Fig. 6.11c, d) that assumes accumulation
of abnormalities (see Sect. 3.4.1).

So, we can suggest the transgeneration of abnormalities. The authors (Osipova
et al. 2008) pointed out the leading part of unstable aberrations — radiation markers
rings and dicentrics — in the increased total frequency of abnormalities in the group
of individuals 19-50 years old (they are “children” and “grandchildren”). There are
a number of individuals with a small number of activated PCs in the samples of
parents (a), children (b) and grandchildren (c). It was shown that distribution tails
become longer in this case (see Sect. 3.4.4, Fig. 3.16).

What is the reduction of the geometric component between generations? It is
known that aging induces free radicals in cells (Pinzino et al. 1999) which can
activate cell elimination mechanisms (Davis et al. 2001), and the reactive oxidative
species are involved in the stress-induced bystander mechanism (Averbeck 2010).
So, the age influences the processes, which are described by the geometric law.
This regularity was observed in the lab experiments and modelling for old pea seeds
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Fig. 6.11 Approximations of the experimental distributions of individuals’ samples on the
frequency of abnormalities (that is the cells with abnormalities). Standard errors are shown for
experimental data. The model plots: (a) G-line; (b) P (1), G (2), sum G + P (3) lines; (c—f): P-line.
Standard errors of the sample means: d(mP) = 10-15 %; d(mG) = 30-40 %; d(mP) = 10-15 %
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Table 6.6 Types of

distributions and their Sample means of

the distributions

parameters for samples of the Num‘per of I CISHOUIONS

individuals of different ages Settlement Age individuals G (mG) P (mP)

living in the settlements of Maloe Goloustnoe ~ 60-80 11 3.0

Maloe Goloustnoe, 40-59 30 5.8 4.2

Listvyanka and the city of 18-39 23 4.0

Novosibirsk <18 15 3.1
Listvyanka 23 4.8
Novosibirsk 40 14

Standard errors of the sample means: d(mP)=10-15 %,
d(mG) =30-40 %

(see Table 4.4): this group of seeds is related to the increased P- and G-sample means
and significant decreasing of seed survival. The tendency to decrease the P-sample
mean with the generation (Table 6.6) could be clarified in terms of aging. But it does
not exclude a relaxation of the transgenerational process.

The Listvyanka sample (“parents”) is described by the Poisson law (see Sect.
8.6.4):

P (6.2)

There are individuals with a small number of PCs in the Listvyanka sample that
provide a long tail of the Listvyanka P-distribution (see Sect. 8.6.4).

In these studies, we see different consequences of the Semipalatinsk nuclear tests
for inhabitants of Maloe Goloustnoe and Listvyanka. The samples of persons from
these two settlements are described by means of the G, G + P and P models. These
models are related to different genetic processes in the blood of individuals.

The model G — G + P — P — P describes the processes of instability and selec-
tion, and is related to the Maloe Goloustnoe site. These radiation-induced processes
continue in the next generation. We can assume that they relax because the geomet-
ric component value and the sample mean of the Poisson decrease with generations.
The other explanation is decreasing of the bystander processes in young groups. In
any case, the P-sample mean is elevated for the great-grandchildren of the persons
who experienced directly the fallout impact that can reflect the late processes.

We can also think that the radiation effects for the inhabitants of Maloe
Goloustnoe were stronger than for the individuals living in Listvyanka. It results
from the P- distribution of the Listvyanka “parents,” although its sample mean is
greater than in the Maloe Goloustnoe P-sample means.

6.3.5 Analysis of Distributions of the Individuals Living in the
Siberian Utmost Northern and Pribaikal’e Regions

The setup of the Tundra Nenets is very specific due to the frozen soil. The
Northern food chain is lichen-reindeer-man. Lichens have been widely investigated
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for their potential accumulation of numerous stable and radioactive elements; they
are suitable as quantitative biomonitors for atmospheric emissions of tritium and
radiocarbon from nuclear facilities (Daillant et al. 2004). We can compare radiation
effects of nuclear tests in Novaya Zemlya on native inhabitants of the Siberian
North with the consequences of the Semipalatinsk nuclear tests on the Pribaikal’e
inhabitants.

Let us analyze the distributions of individuals on the occurrence frequency of
lymphocytes cells with abnormalities in blood samples of individuals living in the
settlements of Samburg (North Siberia) and Maloe Goloustnoe (Pribaikal’e). The
control group consists of healthy persons living in the city of Novosibirsk. The sam-
ples were divided into groups of individuals who were immediately irradiated by the
nuclear test fallout and their children, grandchildren, and great-grandchildren. The
experimental distributions and their approximations are demonstrated in Fig. 6.12.
Table 6.7 presents the frequency of the abnormal cells occurrence in blood
lymphocytes of individuals living in the tested sites and the city of Novosibirsk,
and parameters of the most effective model of approximation.

The best “North” approximations can be presented by the series:

G+P—-G+P—-G+P—P (6.3)

Decreasing of the instability process in the next generation: The “G + P” model
relates to the processes of instability and selection, and can be used to describe
the radiation effects for both the Tyumen and Irkutsk populations. In both cases,
the geometric component is replaced gradually by Poisson, and the total samples
of grandchildren (Irkusk region) and great-grandchildren (the Irkutsk and Tyumen
regions) are the Poisson-distributed (1, 3). A tendency has been observed towards
the decreased sample means of the P distribution across generations (4.2 — 3.1),
but it preserves a higher value (p < 0.05) than the control group (1.4) (Table 6.7).
This tendency to relax may reflect either a decrease in the instability and selection
process across generations, or a reduction of the reactive oxidative species within
a generation which influences the bystander processes. Cytogenetic studies also
showed a tendency towards the decrease of the averaged frequencies of lymphocyte
cells with abnormalities within a generation for the Tyumen region (Fig. 6.5).

Difference between the consequences of the nuclear tests for the North and
Pribaikal’e populations: There is a difference between the distribution types,
which describe the genetic processes in the settlements of Samburg and Maloe
Goloustnoe (series 6.3, 6.1) (Table 6.7). It means different radiation impacts (see
Sects. 3.4.1 and 3.4.2). We can assume that the Novaya Zemlya fallout were
stronger, and the situation can be worsening due to the long storage of radioactivity
in lichens, mosses and forest floors. The prolonged radiation influence is verified by
the absence of lymphocyte activation in the third elder Samburg groups (Table 6.7).

The sample mean of the P-distribution for both the Tyumen and Irkutsk regions
varies a little, but significantly exceeds the control value. It means that the instability
process continues across three generations of irradiated persons (Fig. 6.12). The
authors (Osipova et al. 2000a) have concluded that the frequency of cells with
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Fig. 6.12 Statistical modelling of distributions of persons of different generations on the fre-
quency of the occurrence of CCAs (Korogodina et al. 2010b). Sample of the persons living
in settl.Samburg (a—d); settl. M. Goloustnoe (e-h); (c¢) Novosibirsk (I). Parents (a, e); children
(b, f); grandchildren (c, g); great-grandchildren (d, h).Total curve of approximation —; Poisson
component —; geometric one —. Standard errors of the total approximation curve are shown
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Table 6.7 Frequency of cells

Settl t Samburg, T i
with abnormalities in blood cicien’ Sampire, -yumen region

lymphocytes of persons living G. P
in the Tyumen and Irkutsk Age NO N1 mG/G mP/P
regions, and Novosibirsk city, 50-80 24 7 0.2/1.7 4.2/15.4
and parameters of the most 3949 36 4 5'0/1'9 3 3 5/11'1
ffecti del of ’ ’ o
o eee Mocelo 1838 71 7 32/185  4.2/447
approximation <18 - - - 3.3/28.1
Settlement Maloe Goloustnoe, Irkutsk region
G, P
Age NO N2 mG/G mP/P
60-80 10 3 3.0/9.9 -
40-60 32 4 5.8/1.3 4.2/24.6
18-40 23 1 - 4.0/23.7
<18 15 - - 3.1/15.3
Novosibirsk city
G,P
Age NO N3 mG/G mP/P
- 40 40 - 1.4

The standard error of the sample means d(mP) = 10-15 %,
d(mG) = 30-40 %. The control group consisted of persons
from Novosibirsk, the number of analyzed lymphocytes
exceeding 100 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 100

abnormalities is decreasing in the children’s group in comparison with the adult
group. This is not in conflict with our conclusion that aging increases the probability
of the bystander processes, and youth and resistance in persons play the main role
in selection.

We would like to hope that the instability processes relax with subsequent genera-
tions. But the experiments performed on yeasts have shown that irradiation induces
chromosomal instability which continues in hundreds of generations (Korogodin
and Bliznik 1972). Perhaps humans have strong compensatory mechanisms which
decrease the instabilities.

6.3.6 Risk of Chromosomal Instability for Individuals

The bystander processes result in the accumulation of cells with abnormalities and
an increase of their frequency in blood. The Poisson parameters determine the
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Fig. 6.13 Scheme of the appearance of blood lymphocyte cells with abnormalities induced by
radiation stress. The stress factor leads to the increased number of cells with abnormalities in
radioresistent organisms and to the decreased number of PCs in the radiosensitive one. The case
of the increased number of abnormal cells of lymphocytes can lead to compensation processes in
the resistant organism. On the contrary, the sensitive individual can die due to lymphocytes pool
depletion and blood diseases

risk of chromosomal instability in the resistant group of persons. For example,
the frequency of abnormal lymphocyte cells is 3.2+ 0.3 for 50 % of “young”
samples from the Tyumen and Irkutsk regions, where it is 5 % of the control
group (Table 6.7). The geometric subpopulation is related to the sensitive individual
fraction, where instability leads to lymphocyte depletion and death of the in-
dividuals. The geometric statistics account for the individuals with lymphocyte
deficiencies and blood diseases. These persons form “the group of risk” which can
be determined by the geometric value. The parameters of the Poisson and geometric
distributions have demonstrated that the risk of radiation-induced chromosomal
instability and selection prevails in the “old” generation.

6.3.7 Mechanisms of Genetic Adaptation for Humans

The hypothesis of radiation adaptation can be formulated for the human population
on the basis of the discussed models.

Radiation stress induces: (1) primary injuries of cells, (2) the late processes
which lead to the damaging of other cells, and (3) selection, at which some of the
individuals with increased frequency of lymphocyte abnormalities survive, and the
others die due to depletion of the lymphocyte pool. These processes are shown in
the scheme (Fig. 6.13).

The adaptation hypothesis in mathematical terms (Florko and Korogodina
2007) can be formulated as follows:
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 Statistics of the primary damaged cells are described by the Poisson law, as are
statistics of rare and independent events by
— %
Pl‘l - He )
where P — is the probability of the appearance of n cells with abnormalities, and
« is the parameter of the Poisson distribution of primary damages;

* The secondary intercellular processes can be initiated in some subpopulations
of blood cells that lead to the appearance of new cells with abnormalities. It
results in the changing of the Poisson parameter a which depends linearly on
time a = At + ay,

al’[

Pn(a) — _e_a — Me_(kt_‘—a())
n! '

n!

* The appearance of new abnormal cells increases the material for selection.
The environmental conditions determine the intensity of the appearance of
secondary abnormalities. The compensatory-recovery processes are induced in
the resistant organisms, whereas the sensitive ones die. Thus, the resistance and
compensatory-recovery processes lead to “the adaptation.” The probability to
survive at time ¢ can be described by the formula (Feller 1957)

Git)y=1- 24_1 aje Mt

where «; > 0 and p; > 0 — are a set of parameters dependent on the intensity of the
appearance of cells with abnormalities and characteristics of the compensatory-
recovery processes, respectively.

In this case, the distribution of individuals on the number of abnormal cells can
be described by the combination of the geometric and Poisson (G + P) distributions.
The distribution of individuals on the number of cells with abnormalities in
blood samples preserves the Poisson type in the case of high resistance of the
organism (strong compensatory-recovery processes) and the selection absence. So,
the increased number of abnormalities should be observed.

This motivation is related to the analysis of distributions of individuals on
the number of cells with abnormalities in blood lymphocytes. Indeed, we should
consider distributions on the frequency of abnormal cells among the proliferated
ones. In this case, the distribution of individuals on the number of PCs is important
(Florko et al. 2009).

The distribution structure of the individuals on the frequency of cells with ab-
normalities allows one to analyze the law of appearance of cells with abnormalities:
the spontaneous or late process of cells with abnormalities appearance (P); adaptive
process on the basis of the late appearance of cells with abnormalities coupled with
selection (G).
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6.4 The Appearance of Multi-aberrant Cells Induced
by the Radiochemical Industry

It was published that multi-aberrant cells were observed in the blood of individuals
who worked in the Siberian radiochemical industry in the settlement of Seversk
(Bochkov et al. 1972). Let us consider the appearance of multi-aberrant cells using
the adaptation model by this example.

A.N. Chebotarev has offered a mathematical model which describes these data
(Chebotarev 2000). He used model “P + G”, and the efficiency of the modelling
was estimated by the ¥ 2-criterion (Table 6.8). According to this model, the cell
population is divided into two subpopulations. In the first subpopulation, the
chromosomal aberrations appear independently under external factors and are
distributed according to the Poisson law; in the second, there is a factor which
promotes the appearance of aberrations under the same external factor. The author
analyzed the model parameters to investigate the characteristics of low-radiation
effects. For all groups of persons, the sample means of geometric distribution are
high, although their relative values are small. It is surprising that the G-sample mean
is so high for the control group. The main quota of the distributions belongs to the
Poisson component whose sample mean is negligible.

This model can be added with the permanent adaptation process in intact cells
described by the geometric law (see Sect. 3.4.2). Table 6.9 presents the results of
the approximations performed according to this model (Korogodina et al. 2010a). It
is expected that additional information can be received.

The data have demonstrated that radiation effects are the same for the “inhabi-
tants” and “workers irradiated with 0.18=-0.37 Sv” because the characteristics for
the resistant as well as for the sensitive groups are identical. The average number

Table 6.8 Parameters of the model P + G offered by A.N. Chebotarev (2000)

Psample Gsample G relative

Group Pvalue Gvalue mean mean value, %
Inhabitants 4347.0 116.0 0.0246 1.435 3.68
Workers, 0.18+-0.37 Sv = 6067.4  347.6 0.339 1.008 5.42
Workers, 0. 93+-1.57 Sv = 5570.5 2745 0.289 1.091 4.70

Table 6.9 Statistical modelling on blood lymphocytes of people who lived in the town
of Seversk and workers in its radiochemical industry

Group Modelling GI! mGIl G2 mG2 P mP
Inhabitants Gl +G2 096 003 0.04 117 - -
Workers, 0.18+-0.37Sv.~ G1 +G2 092 003 007 082 - -
Workers, 0. 93+-1.57Sv G1+P 003 149 - - 097 0.04

Standard errors of parameters did not exceed 10-15 %. The data on chromosomal
aberrations are published in (Bochkov et al. 1972). The hypotheses “P” and “G” do
not satisfy the criterion x2 (p > 0.05)
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of CAs per cell is approximately 1 for 4 and 7 % of individuals from these two
groups, respectively. Such percentage is very high. For 3 % of individuals from the
third group of persons, the average number of aberrations per cell is about 1.5, and
97 % of cells have primary damages with an average number per cell of about 0.04.
This model has shown identical genetic processes in the first and second groups
which correspond to the inhabitants and managerial workers; serious chromosomal
instability is observed in the blood of both groups. Irradiation of the third group
(the technical workers) caused direct DNA damages (the Poisson component) for a
significant number of individuals, and high chromosomal instability in the others.

6.5 Summary

In this chapter, the radiation effects were analyzed for the populations living in
three sites which experienced nuclear test fallout in the middle of the previous
century. These are the Tundra Nenets from the Yamalo Nenets autonomous area
and inhabitants of the settlements of Maloe Goloustnoe and Listvyanka in the
Pribaikal’e region polluted due to the Novaya Zemlya and Semipalatinsk tests.
The statistical modelling was performed for four generations of their inhabitants:
“parents” who had immediately experienced the radiation impacts, their “children,”
“grandchildren,” and “great-grandchildren” younger than 18 years. The distri-
butions of individuals were analyzed on the occurrence frequency of abnormal
lymphocyte cells among the proliferated ones. The analysis has shown different
consequences for these populations.

What determines the G- or P-type of individuals’ distribution? The geometric and
Poisson distributions of the individuals have been revealed. The geometric compo-
nent means the selection of individuals caused by the instability process in the blood
of persons. This statement was checked: it is shown that the geometric component
is formed from individuals with bad activated lymphocyte cells and lymphocyte
pool depletion. The Poisson component shows accumulation of abnormal cells.
It is revealed in younger generations and can be interpreted as “effect of youth”
because aging contributes to the bystander effect and relaxation. It seems that the
first assumption should be accounted for because the experiments on irradiated
yeasts have demonstrated the lasting chromosomal instability throughout hundreds
of generations (Korogodin et al. 1977).

Consequences of radiation fallout for the Northern population. 1t is concluded
that the worst situation is observed in the Northern population. The studies have
demonstrated a series of “G + P” distributions for the “parents,” their “children,”
and “grandchildren”; the “great-grandchildren™ group is the Poisson-distributed.
It suggests the instability process is accompanied by blood diseases and the
death of individuals in elder groups, and elevated frequency of lymphocytes with
abnormalities in the young group two times higher than in the control group. The
selection process continues across three generations, and it suggests prolonged
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irradiation or strong fallout impact. Radioactivity is accumulated in the lichens and
mosses which are food for the reindeer in the Polar tundra. The '*’Cs activity in
venison is high enough to be a constant source of chronic internal radionuclide
irradiation for the Tundra Nenets. The second suggestion needs additional studying.

Consequences of radiation fallout for persons living in the Pribaikal’e sites.
The radiation influence is not so strong for the Pribaikal’e region. The same
model “G + P” has been revealed only for the “parents” and “children” groups
from Maloe Goloustnoe that suggests a lower irradiation in comparison with the
Northern area and the natural radiation purification of the polluted territory. The
“grandchildren” and “great-grandchildren” groups are Poisson-distributed and their
P-sample means are elevated in comparison with the control group. The Listvyanka
sample (“parents”) is P-distributed, and we can assume that the radiation impact was
less in the Listvyanka site than in Maloe Goloustnoe.

Influence of the radiochemical industry in the town of Seversk on chromosomal
instability in the blood of the workers and town inhabitants. The statistical
modelling has been performed to study how the radiochemical industry influences
the occurrence of multi-aberrant cells in the blood of its workers and inhabitants of
the town. The elevated chromosomal instability has been found in the blood of the
managerial staff and inhabitants (it is 1 damage per cell), which was described by
the combination of two geometric components in both cases. The second component
is formed from the sensitive lymphocyte cells. The technical workers (97 %)
experience strong irradiation which leads to direct DNA damages, and elevated
chromosomal instability (1.5 damages per cell) is expected for others (3 %).
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Chapter 7
Conclusion

Abstract Here, we will summarize our knowledge of adaptation and chromosomal
instability in terms of inter- and intracellular processes. This point of view presents
these phenomena as a natural law regulating survival of organisms in their ecological
niches. We emphasize the role of instability in providing the non-linearity charac-
terizing low-radiation effects. Statistical modelling is considered as instrumental to
the study of low-dose effects. Four issues will be discussed below: connection of
adaptation with instability and selection processes, general features of adaptation
and instability, consequences of low-radiation fallout for nature and humans, and
how adaptation and instability processes can be described statistically.

Keywords Inter- and intracellular adaptation processes * Instability * Selection °
Transgenerational instability e Effects of radiation fallout * Synergism * Risks of
adaptation processes ¢ Statistical modelling

7.1 Adaptation, Genetic Instability, and Selection Processes

An aged Russian geneticist-agronomist' told one of the authors of this book that
the breeding plants growing on the edge of a cropped field often had mutations.
He explained this phenomenon by the influence of non-optimal conditions on the
mutation rate and adaptation. The influence of environmental stress conditions on
mutagenesis was known long ago.

Beginning of the low-dose-effect investigations. Radiation is a well-measured
factor, which was used to investigate mutagenesis (Timofeeff-Ressovsky et al.
1935). Until the 1950s, scientists studied the effects using the middle-lethal dose
irradiation related to post-radiation recovery: dose irradiation, number of cell

'Prof. Nikolaj F. Batygin in the 1980s.

V.L. Korogodina et al., Radiation-Induced Processes of Adaptation: 141
Research by statistical modelling, DOI 10.1007/978-94-007-6630-3_7,
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hboxdamages, recovery or death of cells (Korogodin 1966). Such dependence is
presented in Chap. 4 (Fig. 4.1a): irradiation at acute doses of 25-80 Gy related to
the linear increase of both the frequency of cells with abnormalities in seedlings
meristem and death of seedlings. The first study of the adaptation phenomenon
was an investigation of the non-linearity induced by low-dose irradiation performed
by N.V. Luchnik in the middle of the previous century (Luchnik 1958). Similar
experiments on pea seeds were made at the JINR (see Fig. 4.1b) (Korogodina
et al. 1998). The studies of low-dose effects showed induction of chromosome
damages, dramatic decrease of survival and increased radioresistance (Korogodina
et al. 1998). In the 1990s, many scientists described the effects induced by low
irradiation (reviewed in (Averbeck 2010)).

The bystander effect. Investigations of the bystander effect explained the non-
linearity: radiation stress induces the “non-targeted” process of cells’ damaging;
injuring of one cell leads to the appearance of some damages in the neighboring
cells (Mothersill and Seymour 2001). So, the bystander effect initiates genomic
instability. In its turn, genomic instability leads to selection that assumes the
adaptation process. Transition from the low-dose and dose-rate irradiation to the
middle-lethal equivalent switches cells from the adaptation strategy (when the
damages accumulate until balanced with the environment) to the recovery of their
damages.

Statistical modelling of the appearance of cells with abnormalities. Statistical
modelling of the appearance of cells with abnormalities demonstrates a connection
of adaptation to the instability and selection processes. Statistical modelling for pea
seeds presents the distribution of seedlings on the number of abnormalities as the
combination of Poisson and geometric distributions (see Sect. 3.4.1), which are
the resistant and sensitive components. The Poisson law reflects rare independent
injuring which can be radiation-induced “bystander” damages accumulated in the
resistant subpopulation. The geometric law describes the cells damaging processes
until stopped due to “success”: balance between the new set of cells and environ-
mental conditions, or death as the result of too many damages. The selection leads
to dramatic mortality of seeds in the more damaged sensitive subpopulation. Both
P- and G-components describe the instability process, but it is accompanied by
accumulation in a resistant subpopulation, and by selection in a sensitive one. We
can calculate the contributions of instability coupled with accumulation, selection,
and mortality.

Let us consider low-dose irradiation of pea seeds at 7 cGy with 0.3 cGy/h which
decreases both seed survival and frequency of cells with abnormalities in meristem
of seedlings (see Fig. 4.1). The leading role of the G-regularities in this case is
clear: the sample mean is high, and the relative value is the lowest (see Table 4.4).
No wonder that seed survival strongly decreases.

Figure 5.6 (Chap. 5) reflects the non-linear dependence of P- and G-subpopulations
on the dose-rate radiation in ecology: both G- and P-values decrease along the NPP
line and reach the minimum at the border of the sanitary zone, and one can assume
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the strongest selection process there. The contribution of P-subpopulation increases
in the sanitary zone (see Fig. 5.6), which means an increase in seed survival (see
Fig. 5.3). Besides, the dramatic fall of the G-sample mean is observed, which
assumes dominance of the primary damages in the sanitary zone. So, the instability
and selection processes are observed around the NPP, but primary irradiation
contributes significantly in the sanitary zone.

Statistical modelling of the appearance of chromosomal abnormalities. The low-
intensive processes of chromosomal instability are constant in cells (see Chap. 4).
The additional environmental factor induces a chromosomal instability in the
sensitive subpopulation of cells, which can be described by the geometric law with
the other parameters. So, the appearance of multiple aberrations in cells can be
presented by the combination of two geometric distributions of cells on the number
of chromosomal abnormalities (see Sect. 3.4.2). The second geometric distribution
can be replaced by the Poisson law in the case of increased radiation intensity. One
can see that direct DNA damages prevail at lab irradiation of pea seeds with a dose
rate of 19.1 cGy/h (see Table 4.8) and near the radiation sources (see Table 5.5). The
same regularities are observed in the radiochemical industry for technical workers
(see Table 6.9).

Statistical modelling of the appearance of proliferated cells. Adaptation affects
the proliferation activity of cells. Some cells change their proliferative activity,
others die, and the resting cells can be stimulated to divide (see Sect. 4.1.3).
Thus, the proliferative cells can appear in three independent subpopulations: two
subpopulations reflect the heterogeneous character of the proliferated pool and
the third subpopulation corresponds to the resting cells stimulated to proliferation
(Luchnik 1958). The appearance of the proliferated cells can be described by the
lognormal law (see Sect. 3.4.3). The lognormal law can be observed at negligible
environmental factors, whereas increasing of one of them (for example, radiation)
leads to mutagenesis and selection which is described by the geometric statistics.
Similar regularities are observed near the Balakovo NPP and the JINR facility (see
Fig. 5.5).

Radiation stress induces adaptation mechanisms which regulate the chromoso-
mal instability process and the number of proliferated cells. The mortality of seeds
increases due to the elimination of cells and the failure of seeds to germinate in the
sensitive (geometric) subpopulation of seedlings. 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 G-sample mean) and dramatic decreasing of the number
of germinated seeds. Here, we remember N.W. Timofeeff-Ressovsky (1939) who
emphasized two requirements of evolution: a sharp increase in the evolutionary
material coupled with partial death of a population because a new genotype would
get an advantage only in this case.


http://dx.doi.org/10.1007/978-94-007-6630-3_5#Fig6
http://dx.doi.org/10.1007/978-94-007-6630-3_5#Fig3
http://dx.doi.org/10.1007/978-94-007-6630-3_4
http://dx.doi.org/10.1007/978-94-007-6630-3_3#Sec11
http://dx.doi.org/10.1007/978-94-007-6630-3_4#Tab8
http://dx.doi.org/10.1007/978-94-007-6630-3_5#Tab5
http://dx.doi.org/10.1007/978-94-007-6630-3_6#Tab9
http://dx.doi.org/10.1007/978-94-007-6630-3_4#Sec4
http://dx.doi.org/10.1007/978-94-007-6630-3_3#Sec12
http://dx.doi.org/10.1007/978-94-007-6630-3_5#Fig5

144 7 Conclusion
7.2 Regularities of the Adaptation Processes

The adaptation process includes three components: primary and late damaging,
and selection. These processes are determined by the intensities of the primary
irradiation and late processes, and organism sensitivity. Let us consider the influence
of these characteristics on the adaptation process.

Influence of dose-rate irradiation: Radiation intensity determines the type of
genetic processes. We use statistical modelling to explain this thesis and substitute
it for the following: “the type of the distribution depends on the radiation intensity.”

Mathematical analysis has shown that a G-component appears when the average
number of primary damaged cells is small (see Sect. 3.4.1). The resistant P-cells
pass gradually with the dose-rate irradiation into the sensitive G-subpopulation
until radiation intensity prevails in the late processes. Thus, the distribution of cells
on the number of abnormalities obtains the Poisson character with an increase in
the number of primary damages dependent on radiation intensity (see Sect. 3.4.2).
These regularities were discussed above.

The distribution of proliferated cells is described by the lognormal law (see
Sect. 3.4.3) (Florko and Korogodina 2007). Usually, the distribution of proliferated
cells consists of two lognormal ones due to heterogeneity of cells. The low-
dose irradiation leads to the appearance of the third lognormal distribution, which
corresponds to the resting cells stimulated to divide. The other effect is that the
increased radiation stress factor intensifies the selection, and the lognormal statistics
of proliferation is replaced by the geometric law of selection. These regularities are
demonstrated in Fig. 5.5.

Dependence of adaptation process on sensitivity: Selection is an instrument of
adaptation: selection increases with the stress factor, and decreases immediately
when the intensity of primary damages exceeds the late ones. The parameter
of the G-distribution depends on the relation of the “communication” (signaling
which regulates late damaging) and selection intensities. The G-sample mean
obtains minor values with increasing repair intensity, but the character of the cells’
distribution on the number of damages doesn’t change (see Sect. 3.4.2).

The antioxidant status determines the protection systems of an organism, and
here the dependence of adaptation on these characteristics is studied. Ecological
investigations observed the dependence of relative values of seed- and cell distribu-
tion on antioxidant status (see Figs. 5.6 and 5.7b). This verifies that antioxidants are
radioprotectors and they influence selection. The antioxidant status also influences
the sample means of seed distributions (see Fig. 5.6a). No influence of antioxidant
status was revealed on the cell distribution sample means (see Fig. 5.7a), perhaps
because the sample sizes were not sufficient. The other hypothesis is low NPP
fallouts: by our calculations each seedling’s meristem experiences the influence of
even one y-quantum per three months in the 20-km NPP zone (Korogodina and
Florko 2007). We suppose that multiple DNA damages could appear due to the
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affected mass cellular structures. This conclusion is in agreement with the opinion
concerning the role of epigenetic factors in low-dose effects (Kovalchuk and Baulch
2008).

Aging decreases resistance of cells and organisms, and lab experiments have
demonstrated the important role of resistance in reactions of old pea seeds (see
Chap. 4). In old seeds, the non-viability is related to frequency of cells with
abnormalities, and the partial correlations analysis has shown the close connection
of frequency of cells with abnormalities as well as seed survival with the geometric
subpopulation (see Table 4.5). The geometric subpopulation is considered to play an
important role in aging seeds, because the non-surviving fraction increases primarily
as a result of diminution of “geometric” seeds, and the frequency of abnormal cells
also increases with the sample mean of the geometric distribution.

The important role of resistance is demonstrated in investigations of human
populations that experienced a nuclear test fallout. The geometric component
was eliminated from the individual distribution on the frequency of cells with
abnormalities in blood lymphocytes of younger generations (see Fig. 6.11).

Dependence of adaptation process on the intensity of late processes: Dependence
of adaptation on the intensity of late processes is not considered here in detail.
The sample means are completely determined by the relation of late processes and
repair rates (see Sects. 3.4.1 and 3.4.2), and reactive oxidative species are involved
in both the bystander effect and genomic instability (Morgan 2003a, b; Mothersill
et al. 2000). Besides, the antioxidant status characterizes the resistance of cells and
organisms.

7.3 Instabilities Induced by Low-Radiation Fallout

Now it is time to discuss the effects caused by radiation impacts which do not exceed
the natural background. These are territories polluted by fallout of the nuclear power
plants (Balakovo NPP) and the nuclear tests carried out 50 years ago (Pribaikal’e
region, North Siberia). The processes of chromosomal instability are observed near
the Balakovo NPP, and continue across four generations of the human population
living in the territories that experienced radiation fallout many years ago. The
radiation effects can be aggravated by climate conditions (hot summer in the Volga
region or permafrost in the Polar tundra), age of organisms and other factors.

Radiation effects in the 30-km zone of the nuclear power plant: Our aim was to
show the radiation effect near the standard operating NPP the fallout of which does
not exceed the background. For investigations, we chose the plantain populations
growing in the 30-km zone of the Balakovo NPP (Saratov region) and three control
groups in the Saratov region and in the JINR (Dubna, Moscow region) territory. The
plantain seeds were collected in 1998 and 1999, and the summer of the latter year
was hot. In 1998, some chemical-polluted sites were tested, but they were excluded
in 1999.


http://dx.doi.org/10.1007/978-94-007-6630-3_4
http://dx.doi.org/10.1007/978-94-007-6630-3_4#Tab5
http://dx.doi.org/10.1007/978-94-007-6630-3_6#Fig11
http://dx.doi.org/10.1007/978-94-007-6630-3_3#Sec10
http://dx.doi.org/10.1007/978-94-007-6630-3_3#Sec11

146 7 Conclusion

In 1998, the radiation effect was not strong, and the correlation was observed
between seed mortality and frequency of cells with abnormalities in seedling
meristem. In 1999, the radiation effect was strong (see Figs. 5.6 and 5.7), and the
correlation between mortality and frequency of abnormal cells disappeared. We
could suspect the synergic effects induced by radiation and heat stresses because
the influence of chemical pollution was excluded (see Sect. 8.5), and the same
synergism of radiation and heat stresses was observed in the lab experiments (see
Sect. 4.3.4). The seed survival fell to 20-30 % (see Table 5.3) in nature and 30 % in
the lab (see Table 4.8), which is critical for the plant population (Preobrazhenskaya
1971). The combination of radiation fallout and a hot summer (1999) led to the
instability and selection processes which were revealed due to decreased relative
values of both G- and P-distributions and their increased sample means (see Table
5.5, Figs. 5.6 and 5.7). The contribution of P-subpopulation increases in the sanitary
zone that increases seed survival.

It is necessary to emphasize the role of humidity at the tested site in determining
the seed antioxidant status. Two of the tested populations grew not far from each
other in the town of Balakovo, but in the wet and arid sites. Seed survival of the first
population was low but the frequency of cells with abnormalities was not high either
(see Table 5.4). The second population was characterized by the inverse values.
This paradox can be explained by instability and selection processes: the P-law
dominates in the resistant population, and the G-statistics prevail in the sensitive
one (see Table 5.6).

The studies of the health of the Balakovo inhabitants (1998) demonstrated a
higher frequency of hematogenesis diseases in comparison with the control town
in the Saratov region (by 1.2-7.6 times) (Dodina 1998). The author assumes that
the morbidity elevation is caused by chemical and low-dose irradiation factors. The
mathematical examination of chemical (see Sect. 8.5) and radiation contributions
into chromosomal instability showed radiation-induced adaptation processes cou-
pled with instabilities and selection. Of course, the chemical industry contributes to
the bad health of the Balakovo inhabitants, but the high correlation of chromosomal
instability and dose-rate fallout has verified that NPP fallout is very dangerous,
especially in the hot summer.

How many y-quanta can induce bystander effects? Laboratory studies have
shown that irradiation with 0.3 cGy/h (intensity ~1 y-quanta/cell nucleus/min) is
the most effective for inducing bystander effects (Korogodina et al. 2005). On the
other hand, the number of primary Poisson damages should be minimal at this dose
rate. A probability of double hits/nucleus/min would increase with the dose rate,
whereas the bystander effect decreases significantly. It means that one y-quantum
can induce the bystander effect.

In natural experiments (see Chap. 5), y-rays are mostly a part of irradiation near
the NPP; their intensity is ~1 y-quanta/nucleus/3 months in immediate proximity
to the NPP (sanitary zone). This means that each nucleus could be damaged in the
vegetation period. In plant populations growing at the border of the sanitary zone,
the number of NPP fallout y-quanta is 10~ times lower. The bystander effect was
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registered in all these populations. This does not seem too incredible because it has
been shown that the irradiation comparable with the background induces changes in
cellular membranes (Mothersill et al. 2004).

Continued instability across generations: The sites which experienced nuclear test
fallout many years ago were chosen to study transgenerational instability. These are
the Polar tundra (see Figs. 6.1 and 6.4) and Pribaikal’e (see Figs. 6.3 and 6.6) sites.
The frequency of cells with abnormalities is high in the individuals living there,
although the nuclear explosions were in the 1950s.

Statistical modelling has shown an increased P-sample means for the youngest
groups of individuals living in the settlements of Samburg and Maloe Goloustnoe
(see Table 6.7; Fig. 6.12) in comparison with the control that assumes chromosomal
instability in the fourth generation. Chromosomal instability leads to lymphocyte
pool depletion, blood diseases, and increased mortality. Resistance (or age) plays the
main role in human mortality: samples of older individuals are characterized by the
geometric distribution on the number of lymphocytes with chromosomal abnormal-
ities (see Fig. 6.12) and by the lymphocyte depletion (see Table 6.7) in these sites.
The youngest samples are P-distributed, which is the reason for low frequency of
cells with abnormalities in blood lymphocytes in comparison with the older samples
of individuals. We can assume the “G”-processes when the young Samburg group
reaches 40-50 years old because the rings and dicentrics — the indicators of radiation
instability — are observed in adult and children’s samples (see Table 6.3).

It has been found that the intensity of bystander processes and selection is higher
in Samburg because the G-component was revealed there in three generations of
inhabitants (it was found in two generations in the Maloe Goloustnoe population).
This strong radiation effect can be referred to as long irradiation due to permafrost
and the northern food chain of “lichen-reindeer-man”. All of the above should be
considered as components of the prolonged adaptation process.

Calculation of risks of instability in ecology and epidemiology: The bystander
effect leads to accumulation of cells with abnormalities which are accompanied by
selection in the sensitive subpopulation of cells. Risks of instability related to the
bystander effect can be calculated by means of parameters of P- and G-distributions.

The low P-sample mean indicates primary damages of cells, and its increased
value shows the late processes (see Sect. 3.4.1). The risk of instability associated
with selection can be determined by the G-distribution value.

7.4 How the Adaptation Process Can Be Presented
Statistically

R.A. Fisher (1930) was the first to offer a fitness geometric model. H.A. Orr (2006)
showed the universal character of distributions with tails in evolutionary models and
the complementation of this phenomenon with selection (see Sect. 3.1).
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The radiation-induced adaptation can be presented as a time-dependent process
of genetic changes which lead to selection. Statistically this process can be described
by the combination of the Poisson (or binomial) and geometric laws. The stress
factor induces instabilities, and the appeared abnormalities are accumulated. This
process goes rapidly in the sensitive fraction until we obtain “success”: adaptation.
The sensitive cell or organism can die during the adaptation process due to many
abnormalities. The higher the resistance, the less selection during the adaptation
process (see Figs. 5.6 and 5.7).

Let us consider the same ideas relative to the species abundance distributions. At
the optimal environmental conditions the species abundance reaches its maximum,
and its distribution can be described with the lognormal law as was offered by
F. Preston (1962). The species propagation can be compared as well as the prolifer-
ation of cells with the fragmentation process described by A.N. Kolmogorov (1986)
with the lognormal law. Under the influence of the stress factor, the lognormal
law should be replaced by the geometric one. I. Motomura (1932) suggested a
hypothesis of priority ecological niche’s occupation in terms of resource limitation
that remains a pressure factor. The transformation of the “lognormal” ecosystems
into the “geometric” ones was realized in the territory which had experienced
radiation fallout of the Totsky explosion (Vasiliev et al. 1997).

At present, statistical modelling has been sufficiently developed to be an appro-
priate method to investigate the adaptation process and its components: instability,
selection, and stimulation of proliferation (Korogodina and Florko 2007; Florko
and Korogodina 2007; Florko et al. 2009). The method is based on distributions
of population (organisms, cells) on the number of abnormalities and is qualified to
investigate the processes induced by the low factors and accompanied by Darwinian
selection in different systems. The parameters of distributions can be used to study
the characteristics of adaptation processes and system resistance.
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Chapter 8
Applications

Abstract This chapter presents the approximations, calculations and methods that
require the use of statistical modelling. Special attention is devoted to the analysis
of chemical pollution near a nuclear power plant which can induce cell damages or
imitate the dependence of the distribution parameters on the average daily fallout.
Eight topics will be discussed: Methods of approximation; Approximations of pea
seeds distributions on the number of cells with abnormalities irradiated in the
laboratory; Sample of the calculation of the synergic coefficient; Approximations
of distributions for plantain seeds growing near a nuclear power plant; Analysis
of the correlations of seed mortality (1 —S) and parameters of the plantain seed
distributions on the numbers of proliferated and abnormal cells with contamination
of chemical pollutions in soil; Statistical modelling of the occurrence frequency of
cells with abnormalities in blood lymphocytes of individuals.

Keywords Methods of approximation ¢ Approximation efficiency * Synergic
coefficient * Chemical pollution e Statistical modelling

8.1 Methods of Approximation

The methods of approximation are:

e The method of simple enumeration: This method is used to search for the
extremum of a function in bounded space depending on the argument’s number
n < 3. The range of the arguments variation should be covered by the uniform
set, and we look for the extremum in the junctions of this set. If the number of
junctions is large, the found extremum could be an approximation of the true
extremum in the range.
This method was used for an experimental data approximation with the step
number ~50 for each argument and was realized in the preliminary calculations.
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* The random search method: This method is used to search for the function
extremum in the bounded region depending on the argument’s number n > 3. The
arguments values are randomly and uniformly chosen in the arguments variation
range by means of a random-number generator. The argument set is chosen when
the function reaches the extremum.

The number of statistical samplings can be arbitrary. We used N =2 x 10°.
This method was realized by our own program.

o The numeric method of the experimental data approximation by the x? mini-
mization: This method is realized by the algorithm FUMILI (library CERNLIB
of the FORTRAN, D510 programs (Sokolov and Silin 1962)). It was used for
corrections of results provided by the first two methods.

* The maximum-likelihood method: This method was used for determination of
the maximum plausibility function /(@), which is necessary for the criteria AIC
(Akaike 1974) and BIC (Schwarz 1978) calculation. The method was realized by
algorithm FUMILI (Sokolov and Silin 1962).

* The least-squares method: The general idea of the least-squares method consists
of sum minimization of the squared deviations of the model-predicted values
from the observed ones. More precisely, assessment of the least-squares method
for the 6 parameters is obtained by minimization of the function R on 6, where

SN i = f(xi.0)
N —-K

R =

)

N — is the amount of the experimental data, and K — is the number of model
parameters. This method was used to analyze data and search for the model
parameters, and realized by the standard program Origin.

The criteria for estimating the efficiency of the approximations: The following
statistical criteria were chosen to estimate the regression: (i) Rygj is the determi-
nation coefficient corrected for degrees of freedom (Pytjev and Shishmarev 1983)
(equivalent to the T-criterion known in radiobiology (Geraskin and Sarapultsev
1993)); (ii) the AIC criterion (the Akaike criterion imposes a limitation on the
minimal information distance between the model and experimental distributions)
(Akaike 1974); (iii) the BIC criterion (selection of the most probable models
from the ensemble under condition of a priori equal probability of any of them)
(Schwarz 1978). The most sensitive test for our tasks is the T-criterion (Geraskin and
Sarapultsev 1993), 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 (Rakhlin et al. 2005); therefore, the stability of distributions was
verified. The verification consisted in variation of the length of the partitioning
interval upon construction of histograms. The interval length (Dpax — Dmin)/M
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Fig. 8.1 Comparison of parameters of seed distributions with respect to the number of aberrant
cells obtained using different programs: / — MATRIXER (optimization of three parameters), 2 —
random search method and refinement using FUMILI (optimization of four parameters), and
3 — consecutive enumeration method (optimization of four parameters). Sample mean of the
distribution “G” (a) and “P” one (b) number of rootlets in the distribution “G” (¢) and “P” one
(d) (Florko and Korogodina 2007)

was taken as the basis. Here, (Dmin, Dmax) is the interval of data variation,
M = [logx(N)] + 1 is the number of partition intervals, and N is the number of data
points. The verification showed the stability of the distributions.

The standard program, along with our own programs, was used for modelling.
The program MATRIXER (Tsyplakov 2011) and consecutive enumeration methods
were also used (Florko and Korogodina 2007). 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 (Turchak 1987)
or the simulated annealing method (Kirkpatrick et al. 1983). Then, the parameter
values were refined using regular procedures BFGS (Avriel 2003) or Newton
(Turchak 1987). Three parameters were optimized. The comparison of parameters
of seed distributions with respect to the number of aberrant cells obtained using
different programs is presented in Fig. 8.1.
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8.2 Approximations of Pea Seeds Distributions
on the Number of Cells with Chromosomal
Abnormalities Irradiated in the Laboratory

For approximation of the experimental data the following hypotheses were ex-
amined: single-component normal, binomial, lognormal, Poisson, and geometric
distributions and their composition (Florko and Korogodina 2007; Korogodina and
Florko 2007; Florko et al. 2009). For each distribution, different normalizing was
used; the total samples of seedlings as well as the individual samples were tested;
such examination did not reveal the principle differences in all cases. Assessment of
the approximation efficiency was performed on several criteria.

The results of the experimental data approximations are presented, performed
according to the hypotheses of the lognormal and sum of geometric and Poisson
distributions. The standard program FUMILI and the y? and T-criteria were used
for approximations and assessment of their efficiency.

8.2.1 Experimental Data on the Pea Seeds Used for
Approximations

Tables 8.1, 8.2, and 8.3 present experimental data for pea seeds on the number of
cells with abnormalities in seedling root meristem of pea seeds. The numbers of
seedlings (survived) is given in brackets and registered ana-telophases in apical
meristem of rootlets, and the number of seedlings with number of abnormal cells
corresponded to the intervals 0-2, 3—4, etc. are given.

8.2.2 Approximation Efficiency of Seed Distributions
on the Number of Abnormal Cells

Both geometric and lognormal distributions have long tails. Table 8.4 presents
the efficiency of the experimental data approximations by the lognormal and sum
Poisson and geometric distributions.

The assessments of approximation efficiency indicated that the seeds of young
groups are better described by the model “G + P”. This model also has advantage
for the old seeds irradiated with 19.1 cGy/h dose rate.

For the other groups of seeds, the efficiency of both models is comparable, except
for the non-irradiated old seeds and the group of non-irradiated heat-stressed seeds.
For these two non-irradiated groups, which are control for aging and heat factors,
the lognormal model has advantage.
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Table 8.1 Distribution of seeds on the number of abnormal cells in rootlet meristem of seedlings
of young pea seeds

Dose rate, Number of Number of Number of seedlings with number of abnormal cells
cGy/h seedlings  ana-telophases (0-2 34 5-6 7-8 9-10 11-12 13-14 <14
0 46(42) 2,202 11 9 10 6 3 1 0 2
0.3 42(35) 2,294 10 10 10 3 1 0 1

1.2 45(42) 2,774 11 10 10 7 2 2

Dose rate, Number of Number of Number of seedlings with number of abnormal cells
cGy/h seedlings ana-telophases 04 5-8 9-12 13-16 1720 21-24

19.1 38(36) 2,144 23 9 1 1 1 1

Data histogramming was performed on the interval with equal length. The number of interval is
M = [«/ N } + 1, where N — is the number of sample data

Table 8.2 Distribution of seeds on the number of abnormal cells in rootlet meristem of seedlings
of old pea seeds

Dose rate, Number of Number of Number of seedlings with number of abnormal cells
cGy/h seedlings  ana-telophases 02 3-4 5-6 7-8 9-10 11-12 13-14 1l4<
0 33(26) 2,202 10 8 3 4 1

0.3 51(37) 2,294 6 8 8 7 3 3 2
1.2 53(42) 2,774 119 4 6 2 7 2 1
19.1 33(24) 2,144 13 8 2 1

Data histogramming was performed on the interval with equal length. The number of interval is
M = [«/ N } =+ 1, where N — is the number of sample data

Table 8.3 Distribution of seeds of “young + heat” group on the number of abnormal cells in
rootlet meristem of seedlings of old pea seeds

Dose rate, Number of Number of Number of seedlings with number of abnormal cells
cGy/h seedlings  ana-telophases 04 5-8 9-12 13-16 17-20

0 33(30) 2,202 4 13 8 5 0

0.3 39(26) 2,294 4 7 12 1 2

Dose rate, Number of Number of Number of seedlings with number of abnormal cells
c¢Gy/h , seedlings  ana-telophases  0-6 7-12 13-18 19-24

0.3 43(16) 2,144 8 5 2 1

Dose rate, Number of Number of Number of seedlings with number of abnormal cells
cGy/h seedlings  ana-telophases  0-6 7-12 13-18 19-24 25-30

19.1 42(21) 2,144 9 6 3 2 1

Data histogramming was performed on the interval with equal length. The number of interval is
M = [«/ N } + 1, where N — is the number of sample data
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Table 8.4 Approximation
efficiency for the lognormal
(LN) and sum Poisson and
geometric (PG) models

Approximation

Dose rate efficiency
irradiation, cGy/h Tpg Tin

performed by the T-criterion Young
0 2.64 5.90
0.3 3.97 6.85
1.2 1.99 6.30
19.1 0.06 1.30
old
0 6.00 2.90
0.3 2.90 3.50
1.2 11.7 8.60
19.1 0.04 0.16
Young + heat
0 10.2 6.20
0.3 15.7 13.2
1.2 0.00 0.01
19.1 0.07 0.06

We can conclude that the model “G 4 P” can be used for the description of seeds
on the number of cells with abnormalities. Later, we will use distribution of seeds
on the number of cells with abnormalities and analyze the structure of experimental
distributions on the model “G + P”.

8.2.3 Approximations of Distributions of Pea Cells
on the Number of Chromosomal Abnormalities

The above-mentioned methods and some criteria for the assessment of fitting
efficiency were used for approximations of the appearance of chromosomal ab-
normalities in meristem cells. That is as follows: Xz-criterion (Feller 1957),
the AIC criterion (Akaike 1974); the BIC criterion (Schwarz 1978), T-criterion
(Geraskin and Sarapultsev 1993). Figure 8.2 presents some of the most effective
approximations for young seeds.

8.3 Sample of the Calculation of the Synergic Coefficient

The synergic coefficient was calculated as the ratio of the sum of probabilities of the
appearance of an abnormal cell (or chromosome) for each factor separate from the
combined one.
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Fig. 8.2 Distributions of meristem cells on the number of chromosomal abnormalities. Group of
young seeds. Control (a); Irradiation at dose 7 ¢G/h: dose rate 0.3 (b), 1.2 (¢), and 19.1 (d) cG/h.
Experimental data: the black line; model curves: G1, G2 — green, P —red, and G1 + G2 or G1 + P -

blue lines

Radiation and heat stresses: Synergic coefficient for survival (see Table 4.2):

K(0.3cGy/h+heal) = (1 - S)heal+0,3 cGy/h/ ((1 - S)young, 0,3 ¢cGy/h + (1 - S)heat, comrol)

Ngyn (0,3cGy/h + heat) = 32.5

NO.3cGy/h =16.0

Nheal (control) = 757 then

K(0.3cGy/h+heal) = 325/ (160 + 75) = 138 + 04,
K(l.206y/h+heal) = 625/ (73 + 75) =422+ 04,
K(19.1Gy/ntheayy = 50.0/ (5.5 4+ 7.5) = 3.85 + 0.4.


http://dx.doi.org/10.1007/978-94-007-6630-3_4#Tab2
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Synergic coefficient for the number of cells with abnormalities (see Table 4.2) as
well as for the number of chromosomal abnormalities in cells (see Table 4.7):

K(0.3cGy/h+heat) =8.2/(7.8411.2) = 0.43 £0.01;
K(1.2¢Gy/h+heat)y = 6.1/(11.44+11.2) = 0.27 £ 0.02;
K(19.1cGy/mtheary = 154/ (9.1 +11.2) = 0.76 & 0.07.

Aging effect: Survival (1 —S) (see Table 4.2)

K (0.3cGy/h+aging) = 0.75 £ 0.4;
K(1.2¢Gy/h+aging) = 0.97 £ 0.4;
K(19.1cGy/h+aging) = 1.04 £ 0.3.

Frequency of cells with chromosomal abnormalities (see Table 4.2)

K (0.3cGy/h-+aging) = 0.60 £ 0.08;
K (1.2¢Gy/h+aging) = 0.51 £ 0.05;
K(l9.chy/h+aging) = 0.56 = 0.03.

8.4 Approximation of Distributions for Plantain Seeds
Growing near the Nuclear Power Plant

8.4.1 Approximations of the Appearance of Cells
with Abnormalities in Meristem of Plantain Seedlings

Here, the approximations of distributions are presented for plantain seeds collected
in 1999 on the number of cells with abnormalities in meristem of rootlet of seedlings
(see Chap. 5). For the approximations, some of the above-mentioned methods were
used. The fitting was performed by means of the FUMILI program.

It is of interest to compare Fig. 8.3 P2 and P3, which correspond to the
neighboring sites with different antioxidant status values. One can see that Fig. 8.3
P2 differs from Fig. 8.3 P3 by the decreased distribution values. It can be explained
by the small antioxidant status value of plants growing on this site. The higher
Poisson sample mean corresponds to the distribution of seeds collected nearest to
the nuclear power plant site (Fig. 8.3 P5).


http://dx.doi.org/10.1007/978-94-007-6630-3_4#Tab2
http://dx.doi.org/10.1007/978-94-007-6630-3_4#Tab7
http://dx.doi.org/10.1007/978-94-007-6630-3_4#Tab2
http://dx.doi.org/10.1007/978-94-007-6630-3_4#Tab2
http://dx.doi.org/10.1007/978-94-007-6630-3_5
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Fig. 8.3 Approximations of experimental distributions of plantain seeds on the number of cells
with abnormalities. Seeds were collected in 1999. Plots: experimental data — black; Poisson —
red; geometric — blue; sum of Poisson and geometric — green. X-axis —number of cells with
abnormalities; Y-axis — number of seedlings

8.4.2 Approximations of the Appearance of Proliferated Cells
in Meristem of Plantain Seedlings

The approximation of distributions of proliferated cells was performed by the non-
linear least squares method. Some criteria were used for estimation of the fitting
efficiency. All approximations are satisfied to the 2-criterion. The values of the
BIC and AIC criteria are given in Table 8.5.

Table 8.6 shows that the approximations for the populations P5, P6, P7, and P12
growing near the radiation sources contain the G-component. We can assume that
the radiation factor provided by the NPP and JINR facilities induces instabilities and
selection that results in the geometric component of the distribution of proliferated
cells. In most cases, the approximations for seeds collected in tested sites have three-
components.

The parameters for the best approximations are presented in Table 8.7. The
distributions on the number of proliferated cells are shown in Figs. 8.4 and 8.5.



160 8 Applications

Table 8.5 Efficiency of the approximations of the appearance of proliferated cells (1999)

3P 3N 2LN 3LN 2LN+G
Populations AIC BIC AIC BIC AIC BIC AIC BIC AIC BIC
P2 326 355 344 364 344 364 303 332 356 381
P3 569 596 548 566 496 523 473 500 410 443
P4 407 432 280 295 280 295 253 275 27 2.9
P5 743 7.68 518 536 518 536 452 474 454 4383
P6 572 6.02 503 523 503 523 459 489 446 4.7
P11 370 383 5.63 574 563 574 474 487 332 347

All models are in agreement with the criterion %2 (p > 0.05)

Table 8.6 The best approximations and their efficiency for the modelling of the appear-
ance of proliferated cells in plantain meristem

1998 1999
Population Model Efficiency Model Efficiency
P1 3LN AIC=3.16
BIC =3.25
P2 2LN AIC =4.06 3LN AIC =3.02
BIC=4.13 BIC =3.64
P3 G+ 2LN AIC=4.73
BIC =5.00
P4 G+ LN AIC =3.46 3LN AIC=2.53
BIC =3.50 BIC =2.75
P5 G+ 2LN AIC =4.56 NPP
BIC=4.74
P6 G+ 2LN AIC =4.59 NPP
BIC =4.89
P7 G+ 2LN AIC =3.62 NPP
BIC =3.75
P8 2LN AIC =3.04
BIC=3.09
P9 2LN AIC=3.04
BIC=3.09
P10 3LN AIC=2.54 Chemical
BIC=2.58 pollutions
P11 3LN AIC=1.62 G+ 2LN AIC=3.32 Chernobyl
BIC=1.48 BIC =347 track
P12 G+ 2LN AIC=3.72 G+ 2LN AIC=3.52 JINR
BIC =3.85 BIC =3.05 facilities

The sources of mutagenic pollutions are given



8.4 Approximation of Distributions for Plantain Seeds Growing near the Nuclear. . . 161

Table 8.7 Parameters of the model which describes the appearance of the proliferated cells in
meristem according to lognormal law

Number Number of
Site of seeds ana-telophases x2/df m(LN1) m(LN2) m(LN3) Nin; Nina Nins

1998

PI 153 726 7.00/8 7.0 12.0 23.0 0.69 0.13 0.06
P2 167 942 1.12/6 53 - 22.0 0.61 0.00 0.04
P3 152 518 0.72/7 2.5 12.0 - 048 032 0.00
P7 156 763 0.45/6 1.0 10.0 24.0 029 041 0.17
P8 149 1,047 0.28/6 2.0 10.4 - 0.30 0.38 0.00
PO 148 528 0.25/4 2.5 10.1 - 0.14 021 0.00
P10 167 231 2.50/5 3.0 9.50 22.5 021 042 0.08
P11 153 342 0.63/4 4.0 12.0 23.0 032 0.13 0.03
P12 148 1, 805 1.99/5 12.0 22.0 33.0 029 0.19 0.40
1999

P2 500 2,228 1.67/7 8.0 22.5 33.0 0.12 0.14 7.7¢-3
P3 500 3,827 221/7  13.5 28.5 39.5 024 037 0.06
P4 500 1,035 0.45/5 12.0 22.5 33.0 0.11  0.03 0.02
P5 500 2,209 421/3  12.0 22.0 33.0 0.13 0.04 0.15
P6 500 2,385 4.50/11 13.3 23.0 37.0 021 0.02 0.06
P11 500 2,220 1.14/4 9.0 18.0 3.0 033 0.15 0.08
P12 200 832 3.31/4  10.0 22.0 3.9 0.39 0.04 0.19

The comparison of the expected probability with the observed values was provided on the
criterion x2
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Fig. 8.4 The plantain seeds experimental distributions and the best modelling ones on the number
of proliferated cells (1998). Approximations were performed using criteria x 2, AIC, BIC, T. Seeds
were collected in populations: P1, P2, P4 — P12. Plots: experimental data — the black line; modelling
(geometric or lognormal) — the red, green, and blue lines; sum of the modelling plots — the light
blue line. X-axis — number of cells with abnormalities; Y-axis — frequency of seedlings
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Fig. 8.5 The plantain seeds experimental distributions and the best modelling ones on the number
of proliferated cells (1999). Approximations were performed using criteria x2, AIC, BIC, T. Seeds
were collected in populations: P2 — P6, P11, and P12. Plots: experimental data — black; modelling
(geometric or lognormal) — red, green, blue; sum of the modelling plots — light blue. X-axis —
number of cells with abnormalities; Y-axis — number of seedlings

8.5 Analysis of the Correlations of Seed Mortality (1 —S)
and Parameters of the Plantain Seed Distributions
on the Numbers of Proliferated and Abnormal Cells
with the Contamination of Chemical Pollutions in Soil
(1998, 1999)

It is known that chemical pollution induces geometric distribution on the number of
mutation events (Bochkov et al. 1972). Can they imitate the dependence of the seed
distributions parameters on the nuclear power plant average daily fallout?

Table 8.8 shows the calculated doses of the daily external radiation exposure
provided by the Balakovo nuclear power plant (The Ministry of Atomic Power of
the RF et al. 1998). Here, the data for the populations studied in 1999 are considered
because at that time strong dependence of modelling parameters on the nuclear
power plant fallout was observed.

Determination of chemical pollution (Table 8.9) was provided by the Joint
Institute for Nuclear Research (Korogodina et al. 2000). The method is as follows:
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Table 8.8 Calculated doses (P) of the daily external radiation exposure provided by the Balakovo nuclear
power plant fallout (for populations studied in 1999)

Coordinates Isotopes Dose average Dose for the
Population X(m) Y(m) Kr Xe 1 daily, P summer months, P
P2, P3 —15,400 —13,200 5.80 x 107 4x 10710 56x 1072 1.2x 1078 1.4 x 107°
P4 —4300 —7,700 3.80 x 1078 1.6 x 1072 3.9x 1078 7.8 x 107%  9.5x 107
P5 280 280 1.6 x 1075 2.0x 107° 2.8 x 1075 47 x 1075  0.0057
P6 4950 4,950 94x107% 27x1072 93x107% 1.9x 1077 23 x 1073

Table 8.9 Contamination of chemical elements in soil samples

Samples
P2 P3 P4 P5 P6  P7 P8 PO PIO P11 PI PI2
Element Contamination, mg/kg

S, % 9.0 <1.0 7.0 13.8 1.0 11.0 25 20 10
K, % 1.0 0.1 0.2 0.4 1.4 1.8 08 1.6 13
Fe, % 2.4 1.4 25 39 25 22 34 18

1.9 1.2 2.9 1.8 33 35 26 34 12
Ca, % 11.0 5.7 3.8 - 1.8 95 45 -

2.3 1.5 4.2 53 2.8 2.7 35 1.2 24
Na, % - 0.9 09 1.2 07 08 07 13

0.7 0.4 0.9 0.5 0.4 0.4 05 06 03
Mg, % 2.7 1.0 0.6 1.3 08 09 1.1 05

0.7 0.1 1.2 2.1 1.1 1.2 06 1.1 02
Ti, % 0.4 0.4 04 0.6 06 04 05 03

0.3 - 0.4 - 0.5 0.4 02 02 02
Mn 620 880 620 1,200 620 780 560 460

290 190 510 590 260 220 100 310 110
Cr 120 220 110 190 160 150 140 420

110 30 160 70 70 80 70 170 -
Zn 180 210 - - - - - 50

54 <10 130 100 20 70 110 40 270
Cu 50 - — — - - - -

<10 <10 <10 20 130 <10 73 110 170
As 120 270 130 290 200 260 240 130

<2 <2 <2 40 <2 <2 30 <2 50
Se <1 <1 3 4 3 20 9 <1 <1
Pb 30 60 - - - - - -

70 10 20 20 70 10 100 80 20
Br - 50 - - - - - -

<1 <1 10 10 30 20 40 <l 3
Sr 220 160 170 120 110 280 240 130

150 80 210 170 200 220 320 180 110
U 10 10 10 10 10 20 10 10

5 5 5 10 5 5 10 10 2

(continued)
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Table 8.9 (continued)

Samples
P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 Pl P12

Element  Contamination, mg/kg

Th 5 5 10 10 10 10 10 10 10
Hg - <5 - 10 - 5 7 -

<1 <1 <1 <1 <1 <1 <1 <1 <1
Cs 2 4 4 8 3 10 5 3

1 0 2 2 0 1 5 3
Ba 210 310 380 460 360 360 400 330

300 180 380 240 460 400 270 370 220
Rb 30 40 30 80 50 50 50 30

69 15 76 33 73 80 59 80 26
Y 20 10 10 20 10 10 20 10

16 8 23 16 24 9 14 26 3
Nb 17 15 18 39 20 18 17 18

8 4 16 7 8 10 13 14 1
Ce 43 19 45 103 62 50 54 21
La 12 20 31 28 - 10 - -
1 - - - - - 28 - -
Zr 227 85 295 173 177 83 156 85 50
pH 8.1 7.7 7.6 7.2 7.9 7.9 8.3 7.9 7.40

8.2 8.3 8.0 76 7.6 8.2 7.6 7.5

The top and bottom values correspond to the 1998 and 1999 years, respectively

The tested and standard samples were irradiated immediately by y-quanta on
the microtron MT-25 at the JINR Laboratory of Nuclear Reactions over a period
of four hours. Maximum energy of accelerated electrons was 24 Mev. Average
stream of accelerated electrons was 15 pA. Distribution of y-quanta stream on the
samples was determined by means of copper monitors. Measurements of the y-
quanta spectra of the irradiated samples were provided by means of semiconductor
Ge(Li) — detector with value ~70 cm? and resolution 3.5 keV for line 1,332 keV
%Co and Ge(Li) — detector with value ~28 cm?® and resolution 2.5 keV for line
1,332 keV ®Co and thin Ge(Li) — detector with resolution 0.6 keV for line 122 keV
37Co. Accumulation and processing of the y-quanta spectra were provided on a
computer.

The roentgen-fluorescent analysis of the soil samples was provided in the
apparatus of roentgen-fluorescent analysis at the JINR Laboratory of Nuclear
Reactions. The standard radioisotope sources 19Cd (E=22.16 keV, Ty =453
days) and 2Am (E=59.6 keV, Ty, =458 years) were used for the X-rays
exciting. Characteristic X-rays were registered by semiconductor Si(Li) detector
with resolution 250 eV for line Fe (6.4 keV). For measurement, the method of
simultaneous determination of all elements excited by a radioisotope source in
saturated layers of matter on uniform calibrate curve was used. The standard
samples of soil were used to calibrate plotting.
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Table 8.10 Significant

correlations between

distribution parameters and

contamination of the
chemical elements
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Fe%

Na%

Zn As U

mP

mG

Np

Ng
m(LN1)
m(LN2)
m(LN3)
LN1
LN2
LN3

S%
AOS %

0.90

—095 —0.95

0.90

0.90

Table 8.11 Partial correlations between the chemical elements contamination
in soil sample and distribution parameters

Ca% Na%

Mg% Mn As

U Cs Rb

mG

Np

Ng
m(LN1)
m(LN2)
m(LN3)
LN1
LN2
LN3
S%

—0.95

0.98

0.97

—0.98

0.99
—0.99
1.00

0.99
0.97
—0.99
1.00

AOS%

Correlation analysis provided by means of the standard program “Statistics”
showed correlation between contamination of some elements in soil samples with
some parameters of the seed P- and G-distributions on the numbers of cells with
abnormalities as well as LN1, LN2, LN3-distributions on the number of proliferated
cells (Table 8.10).

We could conclude that Zn contamination influences the value of the G-
subpopulation, but not its sample mean. This analysis showed that no element can
imitate experimental dose-dependence on nuclear power plant fallout because it
should be on both parameters.

Partial correlations between the chemical elements contamination in soil sample
and distribution parameters except for “dose-dependence on nuclear power plant”
showed the following picture (Table 8.11). We see that there are no correlations
between the two parameters (Table 8.11).
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Table 8.12 Correlations

between the chemical pH 044 Se —059
elements contamination and Fe% —0.21 Pb 0.61
nuclear power plant daily Ca% —0.34 Br —0.44
fallout Na% 031 Sr —0.13

Mg% —-026 U —0.25
Ti% 0.14 Cs 0.00

Mn —0.26 Ba —0.06
Cr 0.25 Rb 0.32
Zn —0.10 'Y —0.12
Cu —0.28 Nb —0.08
As —0.25

The hypothesis on the appearance of cells with abnormalities in meristem
is based on general biological principles and mathematics. It shows non-linear
dependence of distributions’ parameters on dose irradiation. Correlation analysis
assumes a linear relation between the influence and reaction. It means that we have
to look for an analogue of the nuclear power plant daily fallout for tested populations
in contamination of chemical elements in soil samples, that is a correlation between
dose of nuclear power plant fallout and chemical elements contamination.

Let us look for correlations between contamination of chemical elements in soil
sample and dose of nuclear power plant daily fallout [rC¢,D*|. There is no such
correlation (Table 8.12).

The main atmospheric chemical pollution has been reflected in the chemical
content of the soil, and its influence has not been studied.

8.6 Statistical Modelling of the Occurrence Frequency
of Cells with Abnormalities in Blood Lymphocytes
of Individuals

8.6.1 Experimental Data on Number of Cells
with Abnormalities in Blood Lymphocytes of Samples
of Individuals Living in Different Regions of Siberia
(Table 8.13)

8.6.2 Examination of the Control Samples of Individuals

The cytogenetic analyses were provided at the medical laboratories of the city of
Novosibirsk (1,106 individuals) and in the laboratory of the Institute of Cytology
and Genetics of SD RAS, Novosibirsk (40 individuals). The results are presented in
Fig. 8.6
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Table 8.13 Experimental number of cells with abnormalities in blood lymphocytes of the samples
of individuals living in the different Siberian regions

Number of cells with abnormalities
Nmph 0 1 2 3 4 5 6 7 8 9 10 11 >I12

Novosibirsk (2000-2002): inhabitants; 40 individuals including 5 children and 3 teenagers

4000 23 17 0 O O O O O O O O O

Samburg (1995-1996): native inhabitant and newcomers Nenets; 113 adult individuals

10,868 16 32 20 11 7 3 1 0 O 0O 4 0 19

Samburg (1997): native inhabitant and newcomers Nenets; 48 adult individuals, 1 child and 1
teenager, the total sample is 50 individuals

3579 12 13 11 6 O O O O O O O o0 8

Pour district (1998-2000): native inhabitants- tundra Nenets and Selkoup, 65 adult, 10 children
and 5 teenagers, the total sample is 80 individuals

7404 14 38 11 4 2 1 0 O O 2 1 1 6

Pribaikal’e- settl. Maloe Goloustnoe, Listvyanka (2003—2004): Russian inhabitants. Listvyanka:
22 adults, M.Goloustnoe: 64 individuals including 1- teenager. The total sample is 86
individuals

7950 5 25 24 16 4 6 0O O O O O S5 5
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Fig. 8.6 The distributions of the occurrence frequency of individuals (control samples) on the
frequency with abnormalities in blood lymphocytes. The data were provided by Novosibirsk
medical laboratories (a) and laboratory in the Institute of Cytology and Genetics SD RAS ((b), our
own data). The standard errors are shown

The comparison showed that these distributions are different. Occurrence fre-
quency of the individuals falls dramatically in the interval 0-0.02 of the frequency
of cells with abnormalities for medical sample (Fig. 8.6a) whereas it has high values
in this interval for scientific sample (Fig. 8.6b).

The medical sample was examined on the analyzed metaphases (Fig. 8.7).

We see that histograms (Fig. 8.7a—d) have dips which reflect omission of abnor-
malities resulting in the determination of the frequencies. Perhaps the cytogenetic
analysis stopped after examination of 12—13 metaphases. Therefore, there are dips
after the null class in the medical sample, which leads to significant difference
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Fig. 8.7 Distributions of individuals on the frequency of cells with abnormalities (medical
sample). Number of the analyzed metaphases: 11 (a), 12 (b), 13 (¢), 14-20 (d), 20-30 (e), 30—
100 (f). The standard errors are shown

between occurrence frequencies of the individuals in interval 0-0.03 frequencies
of abnormal cells. In the statistical modelling, the medical data were considered
which correspond to the number of analyzed metaphases N > 30 together with the
scientific one where the number of analyzed cells was 100.
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Fig. 8.8 Distributions for the Maloe Goloustnoe and Listvyanka experimental data. For men — the
black circles, and for women — the open circles. The std errors are shown

8.6.3 Examination of the Experimental Data of Individuals
Living in the Maloe Goloustnoe and Listvyanka
Settlements (Indistinguishability of Distributions
Jor Men and Women)

To analyze heterogeneity of this sample, the distributions for men and women
(Fig. 8.8) were studied. The forms of the distributions do not differ.

8.6.4 Approximations of the Experimental Distributions
Jor Samples of Individuals Living in the Settlements
of Maloe Goloustnoe and Listvyanka

The methods described above were used for the approximation. The length of the
partitioning interval in histograms was varied to the best fit. The model hypotheses
P 4 G, and P were examined. Here, the best results of approximations are presented
(Fig. 8.9). The assessment of the approximation efficiency was performed by some
criteria including the T-criterion (Geraskin and Sarapultsev 1993) which encourages
good efficiency of approximation and fines for using large numbers of parameters.
The values of the T-criterion are given in Fig. 8.9 (Maloe Goloustnoe) and Fig. 8.10
(Listvyanka).
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Fig. 8.9 Approximations of the experimental distributions for the samples of individuals living
in Maloe Goloustnoe. The best approximations are presented in bold letters. The geometric and
Poisson components of the model distribution, and their sum are presented by the red, green and
blue lines, respectively (children, G + P model). The std errors for experimental data are shown
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Glossary

Anaphase the stage of mitosis and meiosis in which the chromosomes move to
opposite ends of the nuclear spindle.

Binomial distribution the binomial distribution is the discrete probability
distribution of the number of successes in a sequence of n independent yes/no
experiments, each of which yields success with probability p.

Bystander effect the Radiation-Induced Bystander Effect is the phenomenon in
which unirradiated cells exhibit irradiated effects as a result of signals received
from nearby irradiated cells.

Geometric distribution the geometric distribution is either of two discrete prob-
ability distributions:

* The probability distribution of the number X of Bernoulli trials needed to get
one success, supported on the set {1,2,3, ...}

* The probability distribution of the number ¥ = X — 1 of failures before the first
success, supported on the set {0, 1,2,3, ... }

Heterogeneity criterion heterogeneity and its opposite, homogeneity, arise in
describing the properties of a dataset, or several datasets. They relate to the
validity of the often convenient assumption that the statistical properties of any
one part of an overall dataset are the same as any other part.

Homogeneity criterion homogeneity and its opposite, heterogeneity, arise in
describing the properties of a dataset, or several datasets. They relate to the
validity of the often convenient assumption that the statistical properties of any
one part of an overall dataset are the same as any other part.

Lognormal distribution the log-normal distribution is a probability distribution
of a random variable whose logarithm is normally distributed.

Maximum-likelihood method maximum-likelihood estimation is a method of
estimating the parameters of a statistical model. When applied to a data set and
given a statistical model, maximum-likelihood estimation provides estimates for
the model’s parameters.

Meristem cells A meristem is the tissue in most plants consisting of undifferenti-
ated cells (meristem cells), found in zones of the plant where growth can take

V.L. Korogodina et al., Radiation-Induced Processes of Adaptation: 173
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place. The cells of the apical meristems divide rapidly and are considered to be
indeterminate, in that they do not possess any defined end fate. In that sense, the
meristem cells are frequently compared to the stem cells in animals that have an
analogous behavior and function.

Normal distribution the normal (or Gaussian) distribution is a continuous
probability distribution that is often used as a first approximation to describe
real-valued random variables that tend to cluster around a single mean value.

Poisson distribution the Poisson distribution (or Poisson law of small numbers)
is a discrete probability distribution that expresses the probability of a number of
events occurring in a fixed period of time if these events occur with a known
average rate and independently of the time since the last event.

Proliferation cell growth, division (reproduction)

Sample mean Given a random sample Xy, ..., Xy from an n-dimensional random
variable X (i.e., realizations of N independent random vectors with the same

N
. . . P 1
distribution as X), the sample mean is X = + kzl Xk

Telophase the final stage of mitosis or meiosis during which the chromosomes of
daughter cells are grouped in new nuclei.

Queues theory the queuing theory is the mathematical study of waiting lines, or
queues. The theory enables mathematical analysis of several related processes,
including arriving at the (back of the) queue, waiting in the queue (essentially a
storage process), and being served at the front of the queue.
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