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Abstract: It is known that irradiation stress induces late intracellular processes and adaptation. In this paper, we formulate
the adaptation hypothesis. On its basis, we present statistical modeling of cellular distributions on the number of chromo-
somal abnormalities in root meristems of pea seeds that experienced low-dose-rate irradiation, high temperatures, and ag-
ing. The modeling shows that multiple appearances of chromosomal abnormalities can be explained as a result of primary
or late processes caused by DNA damage, with or without cell selection, which can be described with geometrical or Pois-
son distributions, respectively. The connections between the late intercellular processes (the “bystander effects”) and late
intracellular regulatory processes are considered. It is shown that combinations of low-dose-rate irradiation, high tempera-
tures, and aging lead to synergistically increasing instabilities and decreasing seed survivals. Approaches to risk estima-
tion of chromosomal instability are investigated in plant cells and in human blood lymphocytes. Risks of instability were
estimated as values of distribution parameters dependent on radiation intensity in ecology and in generations of persons
who experienced radioactive fallouts from nuclear tests. We conclude that statistical model of adaptation describes intra-
and intercellular processes of genetic instability coupled with selection, and that the risks of these processes can be calcu-

lated as model parameters.
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INTRODUCTION

At present, there are numerous radiation sources around
the world and low irradiation doses and dose rates are
common environmental factors. In the 1990s it was found
that such stresses are accompanied by time-dependent
genetic instabilities, which include spatial intracellular [1-4]
and intercellular [5-9] spreading of DNA damage. It is im-
portant that mutations or chromosomal aberrations can ac-
cumulate in cells that experience stress conditions [10] due
to the stimulation of mismatch repair [11]. It was reported
that a stress-induced mutation process is coupled with selec-
tion [12, 13] and is observed in ecological niches where
stresses dominate [14].

Multiple appearances of DNA damages can be described
by a geometrical distribution of cells on the number of
abnormalities [15-17]. The geometrical distribution can be
modeled as a result of filtration (selection) and can be caused
by adaptive processes [18].

Quantitative characteristics of adaptive processes can be
estimated by statistical modeling [19]. The statistical investi-
gations of adaptive processes in natural plantain populations
growing near radiation sources were described earlier [20,
21]. Here, we present modeling of laboratory experiments on
seeds of a pure pea line in which we studied the influence of
aging and heat stress on the low-dose-rate irradiation effect.
A connection between the adaptive processes in tissue and
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cells is investigated in this paper in view of the adaptation
model. The quantity characteristics of this model can provide
a basis for risk estimation of genetic instability in ecology
and epidemiology. Statistical modeling affords an opportu-
nity to calculate risks of instability processes in generations.

Our aims are as follows: (i) to present an example of sta-
tistical modeling of cell distributions on the number of
chromosomal abnormalities (CAs) in root meristems of pea
seeds that experienced low-dose-rate irradiation, high tem-
peratures, and aging; (ii) to analyze some regularities re-
vealed by the modeling of adaptive processes in meristems
and cells; and (iii) to provide approaches to risk estimation
of instability in ecology and epidemiology.

MATERIALS AND METHODS
Seeds

Pea seeds (Pisum arvense) were the selected line Nem-
chinovsky-817. 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 [22]. The seeds were collected at the end of July,
1996 and in 1997 in the field of the Agriculture Institute
(Moscow region). The seeds collected in 1996 were stored in
a refrigerator until April, 1997 (T = 3-4°C and relative hu-
midity = 13-149%). Then the first fraction of seeds was tested
(stored in refrigerator =8 months, “young”); the second
group was kept in the refrigerator until April, 1998 (=20
months, “old”); and the third was stored in the refrigerator
for 8 months and then held outdoors until June without sun-
light or precipitation but with temperature ranges during the
day and the night of 30-32°C and 16-18°C, respectively
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(higher than usual for the Moscow region) and relative hu-
midity of =~ 80% (usual for this region). The duration of heat
stress was 2 months (“young seeds with heat stress”).

Seed Sprouting and Fixing

Seeds of all groups were germinated on wet filter paper
in petri dishes at 25°C until seedling roots reached 30 + 4
mm, a length corresponding to the first mitoses before which
seedling growth is due only to swelling without cell division.
These seedlings at the first mitosis in meristems were scored
as surviving (S). Seedlings were fixed in ethyl alcohol and
acetic acid (3:1) and stained with acetoorcein. Seedlings less
than 26 mm after 13 days were scored as non-surviving (1 —
S) because too few reached the first mitosis. Prolonging the
germination period (up to 6 weeks) increased S by only 2—
3% and the rootlets were small and brown. The methods of
seed sprouting and fixing have been described [23, 24].

Determination of Cells with Chromosomal Abnormalities

Ana-telophases were scored for CAs containing chromo-
some bridges and acentric fragments.

Irradiation of Seeds

Pea seeds were gamma-irradiated at room temperature
with 7 cGy ®°Co at 0.3, 1.2, or 19.1 cGy/h. The details of
irradiation have been described [24].

Statistics

In various components of the experiment with young and
old peas, we used 125-174 seeds to determine S and usually
analyzed =~2000 ana-telophases for each component. In the
tests with “young+heat” peas we used 40 seeds and analyzed
~1500 ana-telophases for each component. The data were
processed using standard statistical methods [25].

Statistical Methods

We used maximum-likelihood method for approxima-
tions. The following statistical criteria were used for the es-
timation of regression: (i) R is the determination coeffi-
cient corrected for degrees of freedom [26] (equivalent to the
T-criterion known in radiobiology [27]); (ii) the AIC crite-
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rion (the Akaike criterion imposes limitation on minimal
information distance between the model and experimental
distributions) [28]; (iii) the BIC criterion (selection of the
most probable models from the ensemble under the condition
of a priori equal probability of any of them) [29]. The most
sensitive test for our tasks is T-criterion [27], which encour-
ages good efficiency of approximation and fines for use of
large numbers of parameters.

The best hypothesis with respect to the majority of crite-
ria 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 optimal [30]; 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 (D, - D..i,)/M was taken as the basis.
Here, (Dmin, Dmax) is the interval of data variation, M =
[log2(N)] + 1 is the number of partition intervals, and N is
the number of data points. The verification showed the sta-
bility of the distributions.

The program FUMILI [31] was used. The search of op-
timal values of the model parameters was carried out in two
stages. First, the initial approximation for the model parame-
ters was found by the random search method [32] or the
simulated annealing method [33]. Then the parameter values
were refined using regular procedures BFGS [34] or Newton
[32]. Three parameters were optimized.

RESULTS

Statistical Modeling of CAs in Rootlet Meristem Cells of
Unirradiated Seeds

The geometrical distribution of cells on the number of
CAs (G) in the control group is shown in Table 1. It appears
that correlations between the appearances of CAs originated
up to “success” [35], which could be considered in this case
as adapting of the genome to conditions. This suggests an
adaptive process in intact cells: a DNA-damaging process
coupled with selection, which checks fitness of cells. We can
imagine that an additional factor influences a sensitive sub-
population of cells in the first place, and its distribution on

Table 1. Statistical Modeling of the CAs in Root Meristem Cells of Unirradiated Pea Seeds
Year CA Number of Number of cells with CA number T criterion / %2 criterion (p < 0.05)
frequency studied
ana-telophases 0 1 2 3 >4 G, G1.+G2, G1.+P, P.

Young

1997 0.17 3443 2948 426 55 11 2 25/+ 269/+ 181/+ 794/-

1997 0.12 2199 1931 238 25 5 - 22/+ 451/- 1434/- 113/-

1996 0.08 1097 1022 67 5 2 1 3/+ 22/+ 2345/+ 10/+
Heat

1996 0.11 4020 ‘ 3663 ‘ 274 ‘ 68 ‘ 11 ‘ 4 ‘ 1365/- ‘ 320/+ ‘ 113/+ ‘ 1614/-
old

1996 0.10 906 823 77 4 1 1 0.20/+ 0.20/+ 0.01/+ 0.09/+

The standard error of CA frequency is < 0.01.
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the number of CAs could be geometrical (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 sum of G1. and P, distributions is
observed (Table 1). This is expected because high tempera-
ture and aging are strong mutagenic factors [36, 37].

Statistical Modeling of CAs in Rootlet Meristem Cells of
Irradiated Seeds

In young seeds irradiated at 0.3 cGy/h, the modeling
shows two G distributions (Table 2). We can assume that the
second distribution G2, reflects additional damaging pro-
cesses in the sensitive subpopulation. At 1.2 and 19.1 cGy/h,
the P, distribution gradually displaces G2, distributions.
Analyses of the combined effect of radiation and high tem-
perature reveal domination of the G regularities of the CAs
appearance (heat stress) and addition of a P component (ag-
ing) (Table 2).

Adaptive Processes in Meristems and Cells

Table 3 presents general characteristics and modeling
values of the appearances of both cells with CAs in meristem
published earlier [24] and the CAs in cells. In the young
seeds, a negligible value of the G distribution (Gs) on the
number of cells with abnormalities is coupled with a negligi-
ble value of the G2, distribution at 0.3 c¢G/h that is accompa-
nied by decreasing frequencies of R1, R2, and survival
(Table 3). It is basic to think that intensive radiation-induced
bystander effects in meristem lead to intensive DNA damage
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in its cells, which together decrease the survival of cells and
seeds. P distributions of seedlings and cells are observed at
1.2 and 19.1 cGy/h. At 19.1 cGy/h, the parameters mPs
(0.85+0.20) and mP, (0.09+0.02) have low values (Table 3).

In aged seeds, the negligible values of the Gs and G2,
distributions are observed at 0.3 cGy/h, which corresponds to
increased seed survival (p < 0.05). This increase could be
due to a stimulation of cell proliferation in old seeds irradi-
ated at 0.3 cGy/h (p < 0.05) [24]. The G component is also
revealed in the seeds irradiated at 1.2 cGy/h. The P distribu-
tion is revealed in the control and the 19.1-cGy/h groups, its
sample mean being low (0.08-0.10 + 0.03) (Table 3) [19].

In the heat-stressed seeds, the lowest values of the G, and
G2, distributions are observed at 1.2 cGy/h. The G2, distri-
butions are revealed at 0.3 and 19.1 cGy/h; seed survival is
decreased at all these dose rates, especially at 1.2 cGy/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 these could mean increased late processes
in all groups of seeds induced by heat stress. A comparison
of the “old” and “heat” groups shows that heat stress induces
late processes accompanied by selection stronger than pro-
duced by aging.

To quantitatively analyze the combined effects induced
by irradiation and heat, we used a synergism coefficient sug-
gested by Petin et al. [38]. These authors characterize the
appearance of synergic lethal damages as Ny = Ny + N, +
min{p:N; + p,N,}, where Ny, N, and Ny are the numbers of
lethal damages induced by the first, second, and combined

Table 2. Statistical Modeling on Pea Seeds Irradiated with 7 cGy with Low-Dose Intensity or Without Irradiation

Dose Number of CA Number of cells with CA T criterion /x 2 criterion (p < 0.05)
rate, studied ana- frequency number
cGy/h telophases 0 1 02| 3| 24 G, G1+G2, G1+P, P,
Young
0 2199 0.12 1931 238 | 25 5 22/+ 451/- 1434/- 113/-
0.3 2139 0.08 1971 145 | 19 4 1 188/+ 21/+ 333/+ 246/-
1.2 1843 0.07 1637 191 | 13 2 249/+ 1492/- 49/+ 119/+
19.1 1965 0.08 1788 162 | 10 5 53/+ 565/+ 98/+ 35/+
Heat
0 4020 0.11 3663 274 | 68 | 11 4 1365/- 320/+ 113/+ 1614/-
0.3 2723 0.09 2517 172 | 26 8 314/- 44/+ 378/+ 370/-
1.2 1380 0.08 1296 68 9 6 1 44/- 19/+ 283/+ 48/-
19.1 1274 0.18 1092 143 | 29 6 4 139/+ 10/+ 42/+ 231/-
old
0 906 0.10 823 77 4 1 1 0.20/+ 0.20/+ 0.01/+ 0.09/+
0.3 2378 0.13 2109 236 | 27 5 1 0.05/+ 0.01/+ 0.01/+ 0.50/+
1.2 1977 0.15 1729 207 | 38 3 0.18/+ 0.12/+ 0.06/+ 0.90/+
19.1 586 0.11 527 53 5 1 0.04/+ 0.02/+ 0.01/+ 0.30/+

The standard error of CA frequency is < 0.01.
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Table 3. Seed Inviabilities (1 - S) of Both Cells with CAs (R1) in Seedling Meristems and CAs in Meristem Cells (R2), Parameters
of the Distributions of Seeds on the Number of Cells with Abnormalities as well as Distributions of Cells on the Number
of CAs

Dose | 1-S,% | R1 Distributions of seeds on the number R2™ Distributions of cells on the number of
rate of cells with abnormalities chromosomal abnormalities
Ps mP, Gs mG, G1l. mG1, G2, mG2, P. mP,
Young
0 8.0 10.7 0.3310.07 1.60+0.30 0.34+0.07 2.84+0.40 0.12 1.00 0.88
0.3 16.0° 78 0.60+0.01 1.1440.20 0.01+0.10 11.50+4.30 0.08 0.93 0.94 0.07 0.67
1.2 7.3 114 0.50+0.04 1.52+0.20 0.09+0.09 2.5710.60 0.07 0.26 0.87 0.74 | 0.06
19.1 55 9.1 0.58+0.04 0.8510.20 0.08+0.09 6.69+1.20 0.08 1.00 | 0.09
Heat
0 7.5 11.2 0.59+0.08 1.1+0.2 0.31+0.12 13.3+x1.0 0.11 0.87 0.03 0.13 | 0.66
0.3 325" 8.2" 0.53+0.05 1.1+0.2 0.11+0.11 20.0£10.0 0.09 0.70 0.02 0.30 0.25
12 625" 6.1" 0.31+0.03 1.1+0.3 0.05+0.08 0.0+0.2 0.08 0.94 0.04 0.06 0.64
19.1 50.0" 15.4° 0.22+0.08 1.1+0.3 0.28+0.07 7.3+0.8 0.18 0.85 0.11 0.15 0.60
old
0 21.6 131 0.45+0.00 1.9+0.3 0.00+0.08 0.0+£1.0 0.10 0.99 | 0.10
0.3 28.1° 125 0.64+0.00 1.7+0.2 0.00£0.10 0.0+£1.0 0.13 0.98 0.12 0.01 0.69
1.2 20.7 15.8" 0.55+0.03 2.5+0.3 0.06+0.09 10.1+1.6 0.15 0.74 0.19 0.26 0.02
19.1 28.2" 131 0.40£0.00 1.9+0.3 0.00+0.08 0.6+2.4 0.11 0.12 0.32 0.88 | 0.08

The difference from the non-irradiated control: “p < 0.05; “p < 0.001; “standard error ~8-12%;

standard error < 0.03. Standard errors of the parameters of cell distributions on

CAs number do not exceed 20-30% (of the sample means) and 10-15% (of the relative values).

treatments; p; and p, are sublethal damages produced simul-
taneously. Then, the coefficient of synergism can be calcu-
lated as Kgyn = (N1 + Np + min{p:N; + poN2})/(N; + Np). We
calculated the synergism values using Tables 2, 3, and data
on the numbers of cells with CAs reported earlier [19]. In the
“heat” groups, both numbers of combined DNA damages

K synergism

| =

Dose rate, cGy/h

Fig. (1). Synergism coefficients of the appearances of cells with
CAs (1); CAs inside cells (2); as well as of seeds’ non-survival (3)
for group of irradiated heat-stressed seeds. Bottom of synergism is
marked by dotted line. Std. errors are shown.

and combined damaged cells are decreased (Ksy, < 1) (Fig. 1,
curves 1, 2) that can be the result of elimination of “G2.”-
cells and “G;"- seeds (Table 3). Synergic characteristic of
seeds’ death (1 — S) increases strongly (Ken = 4) (Fig. 1,
curve 3). We can conclude that adaptation to combined ef-
fect of high temperature and low-dose irradiation is based on
instability processes which lead to a dramatic synergistic
death of cells and seeds.

Adaptation Model

The adaptive process has three components [19, 21]:
primary radiation injury, which depends on the intensity of
radiation (l,,); late injury, which depends on the intensity of
intercellular “bystander” (lpys) and intracellular regulatory
(leg) mechanisms; and selection, which depends on repair
systems and environment conditions (Fig. 2).

These components can be presented by different combi-
nations of P and G laws where P statistics describe the statis-
tics of independent events [19, 21, 24] and G statistics cha-
racterize statistics after selection [16-19, 21, 24]. The pri-
mary injury and late damage follow the Poisson or binomial
law [35]. In both cases, the independently occurring damages
can be approximated as increasing linearly with time, that is,
by the Poisson law with increased sample mean [19].

In practice, the observed P distribution can be the sum of
P distributions on the numbers of primary and late damages.
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Fig. (2). Scheme of the process of seedlings’ and cells’ adaptation [15]. Primary injury (I;.g) induces the intercellular bystander (lpys) and
intracellular regulatory (leg) processes. Primary injury or late damages can be accumulated. As a result of selection, a stage of first mitoses is
reached in resistant seedlings, the sensitive ones die. Intracellular processes (primary or regulatory damaging of DNA) lead to proliferation or

death of cells.

The first distribution dominates if radiation intensity exceeds
the regulation mechanisms of the late process (lrag > lreg)
[21]; its sample mean is therefore low [19]. For example, a
dose rate of 19.1 cGy/h (time between two hits per cell =5
sec) induces hits in cells in the first 2 min with averaged
number of hits per cell =~ 33. Table 3 shows that this case
corresponds to the lowest sample mean of the P distribution
of seedlings on the number of damaged cells (0.85 + 0.20).
Irradiation at dose rates of 0.3 and 1.2 cGy/h (time between
two hits = 5 and 1.3 min, respectively) induces bystander
effects which should prevail in these cases. Complete analy-
sis of pea data (Table 3) and especially plantain data [21]
reveals the correspondence of low mPs values to low mP,
values, which couple with high damage factor. Increased
values of mPs, mP, indicate late processes (for example, the
control heat-stressed group, Table 3).

Thus, in experiments on seeds [20, 24], the distribution
of seedlings on the number of cells with CAs can be ap-
proximated by P + G, where the Ps distribution corresponds
to the subpopulation of seedlings in which the bystander
effect is not accompanied by the death of plants, and G de-
scribes bystander damage accompanied by seedling selection
in the more sensitive fraction [19, 21, 24]*. A distribution of
cells on the number of CAs can be presented as G1,, G2,
and P distributions and their combination (Table 3), [21].
The P, distributions mean primary DNA damage which, to-
gether with G2 distributions, describes the appearance of
DNA damage in the sensitive fraction of cells. The appear-
ance of an adaptive process in the resistant fraction of cells is
described by the G1.distribution.

Adaptation and the Risk of Genome Instability in Eco-
logy

We studied adaptive processes induced by fallout from
the Balakovo nuclear power plant (NPP) on natural popula-
tions of plantain (Plantago major). Seeds were collected in a
30-km zone around the NPP in years with normal high
(1998) and extreme high summertime temperatures (1999)
[14, 39]. The statistical modeling was performed on the ap-
pearance of CAs in seedling meristem cells and of cells with

The cells stimulated to proliferate are involved in the distributions.

CAs [20, 21]. Here, we present data (1999) which demon-
strate a strongly synergic adaptive process which leads to a
high risk of instabilities. We combined the parameters of the
G2, and P, distributions (Table 3) because they characterize
damage to cells of the sensitive subpopulation. These pa-
rameters are correlated with the sensitive G subpopulation (p
<0.001, df = 5, n = 7), which consists of surviving and more
resistant seeds of the sensitive subpopulation [21]. Thus, the
G; subpopulation can be considered as a risk group of insta-
bility.

The parameters of seed distributions (Fig. 3) and cells
distributions (Fig. 4) are shown as dependents on the calcu-
lated fallout dose near the NPP (Fig. 3C, D; Fig. 4C, D) and
the seeds’ antioxidant status (Fig. 3A, B; Fig. 4A, B) [21].
Values of surviving sensitive subpopulations of seedlings
(Fig. 3D; curve 2) and cells (Fig. 4D; curve 2) decrease with
fallout dose rate (p < 0.1, df = 3, n = 5). At the border (558
and 1350) or inside (1500 r.u %) the 10-km zone, approxi-
mately 70-80% of seeds died, and the value of surviving Gs
seedlings is about 2-3%. Meristem cells of these survived
adapted seedlings consist of increased number (p < 0.05) of
late or primary DNA damages [14] (Fig. 3C, D; Fig. 4C, D;
curve 2). Risks of bystander and chromosomal instability
processes increase with decline of antioxidant status (Fig.
3A, B; Fig. 4A, B).

Statistical Investigation of Radiation Effects Across Ge-
nerations of Persons who Experienced Fallout from Nu-
clear Tests

At the beginning of the 1950s, nuclear tests were con-
ducted in the Novaja Zemlja and Semipalatinsk sites, resul-
ting in radioactive fallout in the Tyumen and Irkutsk regions.
At present, **’Cs contaminations are 153 and 118 Bq/kg (li-
chen and venison, respectively) in settlements Samburg [40],
and 55 Bg/m? (ground) in Maloe Goloustnoe [41]. Analyses
of chromosomal breakages in blood lymphocytes of persons
living in settlements Samburg (Tyumen region) or Maloe
Goloustnoe (Irkutsk region) are published [42]. To investi-
gate the consequences of irradiation across generations, we

%Evaluation of this relative dose rate can be less dependable because this population
was located ~ 100 m from the NPP in the shade of the smokestack.
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Fig. (3). The parameters of P and G distributions of plantain seeds on the number of cells with CAs in root meristem of seedlings [5] versus
antioxidant status (A, B) and calculated relative dose (C, D). The sample mean (A, C) and value (B, D) of the P and G distributions are
shown (curves 1 and 2, respectively). Points with the same dose rate irradiation are connected (A, B). The regressions, A: y= -0,48+5,04-x (p
< 0.05) (1), y=0.25+4.80-x (p < 0.05) (2); y=- 0.92+12.96-x (p < 0.05) (2a); B: y=-0.15+1.43:x (p < 0.05) (1), y=-0.04+1.02-x (p < 0.05)
(2); y=-0.10+0.53-x (p < 0.05) (2a); C: polynomial fits (1, 2); D: polynomial fit (1); y=100/x>4+0.027 (2).
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Fig. (4). The parameters of G1. and G2, P, distributions of plantain meristem cells on the number of CAs [15] for seeds collected around the
NPP versus antioxidant status (A, B) and calculated relative dose (C, D). The sample mean (A, C) and value (B, D) of the G1, and G2, P,
distributions are shown (curves 1 and 2, respectively). Points with the same dose rate irradiation are connected (A, 1, 2). The regressions, B:
y=0.73:x + 0,02 (p < 0.05) (1), y= 0.77x - 0,12 (p < 0.05) (2); C: polynomial fits (1, 2); D: polynomial fit (1); y = 100/x** + 0.027 (2).

analyzed distributions of individuals on the occurrence fre-
quency of lymphocytes with CAs in blood samples of per-
sons living in these settlements and of the control group of
the city Novosibirsk inhabitants. The samples were divided
into groups corresponding to individuals who were irradiated
by fallout and their children, grandchildren, and great-
grandchildren. Distributions of individuals on the frequency
of CAs in blood lymphocytes and approximations of these
distributions are presented in Fig. (5).

The types of distributions for samples from persons li-
ving in the Tyumen and Irkutsk regions are P, G, and P+G.
Analysis of distributions for the parental generation on the
frequency of lymphocytes with CAs reveals a geometrical
component, whereas those for grandchildren (Irkusk region)
and great-grandchildren (Irkutsk and Tyumen regions) fol-
low a Poisson distribution. A tendency is observed towards
decreased sample means of the P distribution across genera-
tions, but it remains higher (3.1 + 4.2, p < 0.05) than the con-
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trol value (1.4) (Table 4). This tendency may reflect the
deaths of individuals with small numbers of lymphocytes
(these persons are “G-distributed” [43]) and more resistant
young individuals than old ones.

Bystander processes in resistant groups of persons lead to
an increasing frequency of lymphocytes with CAs in blood
samples, and the risk of these effects can be evaluated by P
parameters. The frequency of lymphocytes with CAs is 3.2 +
0.3 for 50% of persons less than 18 years old, whereas it is
5% in the control group (Table 4). Selection (death of sensi-
tive persons) is connected with lymphocyte depletion: per-
sons with lymphocyte deficiencies are those with blood di-
seases, which were accounted in the presented statistics.
They form a “group of risk” which can be determined by G
value. The P and G values demonstrate that the processes of
genome instability and selection prevail in the oldest genera-
tion.

); Poisson component ( == =); Geometrical one (= = ). Standard errors of total approximation curve are shown.

A comparison of genome instabilities of persons living in
the Tyumen and Irkutsk regions shows that the sample
means of P distributions for both regions are approximately
equal. Distributions of parents’ and children’s samples from
settlements M. Goloustnoe and grandchildren’s sample from
settlements Samburg reveal a G component. Taking into
account the absence of lymphocyte activation in many of the
Samburg individuals, we can surmise that stronger and con-
tinued radiation effects are caused by the food chain of the
North nations’ “lichen-reindeer-man”.

DISCUSSION AND CONCLUSIONS
Statistical Model of Adaptation

Genetic instability has long been considered as material
for evolution [10, 44, 45]. Appearance of multiple mutations
in blood lymphocytes of workers in radiochemical enter-
prises was analyzed by Bochkov and Chebotarev [15, 16],
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Table4. Frequency of CAs in Blood Lymphocytes of Persons Living in Tyumen and Irkutsk Regions, and Novosibirsk City,
Parameters of Most Effective Model of Approximation
Settlements Samburg, Tyumen region

Age NO N1 Frequency G,P

0 2 4 6 8 10 12 14 16 >18 mG/G mP/P
50-80 24 7 2 4 6 4 1 0 0 0 0 0 0.2/1.7 4.2/154
39-49 36 4 6 8 7 4 1 2 1 0 0 2 5.0/19.3 3.5/11.1
18-38 71 7 7 17 19 14 5 1 0 0 0 0 3.2/18.5 4.2/44.7
Age NO N1 Frequency G,P

0 5 10 15 20 0 0 0 0 0 mG/G mP/P
<18 29 - 10 18 0 0 1 0 0 0 0 0 - 3.3/28.1

Settlements Maloe Goloustnoe, Irkutsk region

Age NO N2 Frequency G,P

0 2 4 6 8 10 12 14 16 >18 mG/G mP/P
60-80 10 3 4 1 2 2 0 0 1 0 0 0 3.0/9.9 -
40-60 32 4 1 7 12 5 3 3 1 0 0 0 5.8/7.3 4.2/24.6
Age NO N2 Frequency G,P

0 1 2 3 4 5 6 7 8 9 mG/G mP/P
18-40 23 1 1 1 3 6 4 4 3 1 0 0 - 4.0/23.7
<18 15 - 1 1 3 5 2 2 1 0 0 0 - 3.1/15.3

Novosibirsk

Age NO N3 Frequency G,P

0 1 2 3 4 5 6 7 8 9 mG/G mP/P

- 40 40 7 16 13 4 0 0 0 0 0 0 - 14

Standard error of 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; N1, 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.

who first used statistical modeling. This statistical approach
was developed by Arutyunian et al. who showed that G and
P distributions in the case of multiple CAs in blood lympho-
cytes of patients with a syndrome of chromosomal instability
[17]. These three authors suggested an idea based on queues
theory [15] of connection tail of distributions with DNA re-
pair. On the other hand, the investigations and modeling of
fitness distributions were provided by Fisher [46], Gillespie
[47], and Orr [18]. Orr showed the universal character of
distributions with tails in evolutionary models and the con-
nection of this phenomenon with selection [18]. In Russia,
Korogodin and his colleagues provided a series of investiga-
tions in the 1970s which showed the connection of instability
with summarized chromosomal aberrations [10] induced by
low dose irradiation or non-optimal conditions [48]. Our
model of adaptation is founded on the time-dependent accu-
mulation of abnormalities and time-dependent selection
based on repair filtering [19, 21]. Its parameters indicate
selection (relative value of distributions) and intensity of
damaging processes (sample mean of distribution).

Influence of Irradiation Dose Rate on Instability and
Selection

Investigations on pea seeds showed that the parameters
of the G; and G2 distributions change at 0.3-1.2 cGy/h in
comparison with the control group: the sample mean in-
creases and the relative value decreases. The P component is
displayed at the higher dose rate (19.1 cGy/h) whose sample
mean was low (Table 3). We can observe increased late
processes with low-dose-rate irradiation, which are displaced
by intensive primary damage to cells and DNA. Investiga-
tions on plantain seeds showed that the parameters mGs, both
mG2,, mP, increase with radiation intensity and then fall
back (Fig. 3C, Fig. 4C; curve 2). This fall of the sample
mean is coupled with a dramatic diminution of the relative
values of G, both G2, and P, at high-dose-rate irradiation
(Fig. 3D, Fig. 4D; curve 2). Thus, the intensities of both late
processes and selection depend on the irradiation dose rate.
Intensive primary damage becomes dominants under late
process in the G2 subpopulation when lyag> lreq.




Adaptation and Radiation-Induced Chromosomal Instability

The Open Evolution Journal, 2010, Volume 4 9

Table5. Statistical Modeling on Blood Lymphocytes of People who Lived in t. Seversk and Workers in its Radiochemical Industry
Group Modeling Gl mG1 G2 mG2 P mP
Inhabitants G1+G2 0.96 0.03 0.04 1.17 - -
Workers, 0.18+0.37 Sv G1+G2 0.92 0.03 0.07 0.82 - -
Workers, 0. 93+1.57 Sv G1+P 0.03 149 - - 0.97 0.04

Standard errors of parameters did not exceed 10-15%. Data on chromosomal aberrations are published in [16]. The hypotheses “P” and “G” do not satisfy the criterion % (p > 0.05).

A similar conclusion results from the statistical modeling
of CAs in blood lymphocytes of inhabitants and workers of
radiochemical enterprises based on data published in [16]
(Table 5). For the “inhabitants” and “workers irradiated with
0.18+0.37 Sv” the risks of chromosomal instability in blood
lymphocytes are 4% and 7%, respectively; the averaged
number of CAs per cell is about 1. We can conclude that
radiation effects are equal for these two groups of persons
because the characteristics of the resistant as well as the sen-
sitive groups are almost identical. For the third group of per-
sons, 97% of cells have primary damages with an averaged
number per cell of about 0.04.

Dependence of Relative Values of P and G Distributions
on Antioxidant Status

For plantain seeds collected in different populations of
neighboring ecosystems (relative NPP fallout dose rate = 82
r.u), the parameters of the Py and G distributions (Fig. 3B,
curves 1, 2) and the G2 distribution (Fig. 4B, curve 2) dif-
fered (p < 0.05) depending on the seeds’ antioxidant status.
This suggests that antioxidants influence selection connected
with radioprotection in plants; this conclusion agrees with
investigations published in [49].

Dependence of Sample Mean of Distributions on Anti-
oxidant Status

Dependence is observed of the intensity of the bystander
process (mGs, Fig. 3A, curve 2) on antioxidant status (p <
0.05). This result agrees with investigations which showed
the involvement of energy metabolism in the production of
bystander effects by radiation [50]. No influence of antioxi-
dant status on the sample means mG1,, mG2, and mP, was
revealed in these plantain studies (Fig. 4A), perhaps because
sample sizes were not sufficient. The hypothesis has been
made that the phenomenon of hypersensitivity can be a result
of oxidative stress [51]. The authors of this paper investi-
gated effects of low-dose radiation on human blood lympho-
cytes over a range from 1 to 50-70 cGy, which is higher than
around the NPP. In our calculations, each seedling’s meris-
tem experiences an influence of even one g-quantum per 3
months in the 20-km NPP zone [21]. We suppose that multi-
ple DNA damages could appear due to affected mass cellular
structures. This conclusion agrees with the opinion of Mo-
thersill and Seymour concerning the role of epigenetic fac-
tors in low-dose effects [52].

Continued Adaptation Across Generations

The induction of genome instability by low-dose irradia-
tion is well documented [9]. The study of genetic instability
across generations of mice irradiated with low-dose-rate ra-
diation indicates a genetic instability in the F1, F2, and F3

generations from irradiated males [53]. Our analysis of the
structure of distributions of samples from persons living in
settl. Samburg and Maloe Goloustnoe on the number of CAs
in blood lymphocytes shows instability which continues
across three generations of irradiated individuals, because
the mP values of distributions of youngsters’ samples are
increased (Table 4, Fig. 5). Model characteristics indicate the
significance of resistance in individuals (youngsters’ sam-
ples) which plays the main role in selection in blood lym-
phocytes: samples of older individuals are characterized by a
G distribution on the number of lymphocytes with CAs (Fig.
5) and on lymphocyte depletion (Table 4). Finally, it was
revealed that the intensity of bystander processes and selec-
tion are higher in settlement Samburg, and this can be con-
nected with a stronger radiation influence due to the food
chain of “lichen-reindeer-man”. All these prevail upon the
phenomenon of chromosomal instability and should be con-
sidered as components of the adaptive process.

Calculation of Risks of Instability in Ecology and Epide-
miology

The risk of bystander effects in tissues, coupled or not by
selection processes, can be calculated by means of the pa-
rameters of G and P distributions. The risks of chromosomal
instability can be determined by values of the G distribution
of cells on the CAs number. A P distribution with a low mP
value indicates primary abnormalities, but an increasing mP
value indicates a diminution of late processes [19].

CONCLUSIONS

. A statistical model of adaptation is founded on the
concepts of time-dependent accumulation of abnor-
malities and time-dependent selection based on repair
filtering. Effects of low-dose-rate irradiation in tis-
sues and cells of plant seedlings and individuals were
described by means of the model of adaptation. Its pa-
rameters indicate intensity of damaging processes
(sample mean of distribution) and selection (relative
value of distributions).

. Low-dose-rate irradiation increases sample means
and decreases relative values of G distributions, signs
of late damage processes and selection. Relative va-
lues of P and G distributions increased concomitantly
with antioxidant status, indicative of an inverse rela-
tion between selection and antioxidant status. Investi-
gations on plantain seeds showed an influence of an-
tioxidant status on sample means of P and G distribu-
tions of seedlings on the number of cells with abnor-
malities, suggesting an involvement of oxidants in
bystander mechanisms.
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. Synergism of irradiation and heat stresses is a result
of late damage processes which lead to decreasing
numbers of CAs and cells with CAs (Ky, < 1) and
thence to the death of seedlings (K, = 4).

. In old seeds, the statistical modeling revealed P dis-
tributions on the number of CAs characterized by low
sample means in control seeds and seeds irradiated at
19.1 cGy/h. This result suggests that these P distribu-
tions are formed by cells with primary damages that
involving strong mutagenic effects of aging and irra-
diation at 19.1 cGy/h.

. Statistical modeling on the basis of investigations of
blood lymphocytes of samples of four generations of
people living in settl. Samburg (Tyumen region) and
settl. Maloe Goloustnoe (Irkutsk region) shows in-
creasing sample means of P distributions of young-
sters” samples of settl. Samburg and M. Goloustnoe
over the control level. This result suggested a by-
stander processes in blood lymphocytes. Age, region
and national traditions also play a part in radiation-
induced adaptive processes in these sites.

. The model parameters can be used to calculate risks
of adaptive and instability processes. Risk of by-
stander effects in tissues, coupled or not with selec-
tion processes, can be calculated by the parameters of
G and P distributions. Risks of chromosomal instabi-
lity can be estimated by values of the G distribution
of cells on CAs numbers. A P distribution with a low
mP value indicates primary abnormalities, but an in-
creasing mP value means diminution of late pro-
Cesses.
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