






































































































































































































































































































































































































































































































































































































































































































































































































MUTATION RATES AND ADAPTATION OF BACTERIA 

treatment of infectious diseases, as they might be responsible for therapeutic 
failures. 

A positive correlation between multiple-antibiotic resistance and high 
mutation rates is expected to be frequent in natural populations of bacterial 
pathogens (Blazquez, 2003). Such a correlation was found for P. aeruginosa 
isolated from lungs of patients with cystic fibrosis, bronchiectasis and chronic 
obstructive pulmonary disease (Oliver et al., 2000; Macia et al., 2005). This is 
probably due to extensive antibiotic therapy, chronicity of the infection, strong 
compartmentalisation and low migration rates that limit competition between 
strains and, therefore, increase the probability of persistence of strong mutators. 
Indeed, the prevalence of P. aeruginosa mutator strains increases with time in 
the lungs of cystic fibrosis patients (Ciofu et al., 2005). However, this 
correlation was not observed in P. aeruginosa isolated from acutely infected 
patients (Le Clerc et al., 1996). The explanation of this discrepancy is provided 
by the studies of relationship between antibiotic resistance and mutation rates in 
E. coli natural populations. 

The correlation between multiple-antibiotic resistance and high mutation 
rates was also not found in E. coli natural populations, despite the capacity of 
strong E. coli mutators to generate mutations conferring resistance to antibiotics 
in vivo and in vitro (Mao et al., 1997; Giraud et al., 2002; Denamur et al., 2002; 
Tanabe et al., 1999). Among E. coli natural isolates, the highest frequency of 
antibiotic resistance was found among weak mutators, while strains with high 
mutation rates had significantly lower antibiotic resistance (Denamur et al., 
2005). Such absence of the correlation between high mutation rates and 
antibiotic resistance can be explained by the dynamics of selection and counter­
selection of mutator alleles. Selection acting on mutator alleles is modulated by 
many factors including changes in the environment and the opportunity for 
competition between strains. Mutator clones can rapidly specialise to one 
environment, which renders them less fit in other environments (Giraud et al., 
2001). The initial gain and long-term loss of fitness is proportional to the 
strength of the mutator allele. Computer simulations predict that weak mutators 
will be selected less rapidly than strong mutators but, once selected, they will 
persist for much longer than strong mutators (Taddei et al., 1997). Therefore, in 
bacterial populations that cycle between different environments, e.g., E. coli, 
strong mutators (around 1 % (Matic et al., 1997; Baquero et al., 2004)) can be 
rapidly selected, but cannot persist. Such selective conditions probably favour 
weak mutator strains (around 10-30% (Matic et al., 1997; Baquero et al., 2004)) 
that, in the long run, might have more chance to accumulate multiple antibiotic 
resistances than the strong mutators (Denamur et al., 2005). In conclusion, in 
the function of spatial and temporal environmental variations, and 
consequently, of the nature and the strength of selective pressures, the mutation 
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rate is constantly adjusted to a level that favours adaptation to a given 
environment. 
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Abstract - The nuclear cytoplasmic interaction hypothesis (NCI) states that in a newly 

formed allopolyploid genetic instabilities are induced giving rise to altered paternal 
genome structure and chromosomal translocations. The hypothesis predicts that plants 

emerging from a "bottleneck of sterility" are stable, with increased fertility, fixed for 

particular translocations that are "species-specific", and have a degraded paternal 

genome. We investigate this hypothesis in the allopolyploids Nicotiana tabacum 
(tobacco), N. rustica and N. arentsii. Each of these natural allopolyploids have a similar 

chromosome complement, 2n = 4x = 48. We review the cytological data available for 
these species. From those studies using genomic in situ hybridisation (GISH) we found 

evidence in support of NCI only in N. tabacum. To our surprise there is also supporting 

evidence in the form of structurally similar translocations in a synthetic tobacco line 
that is only three generations old. These data suggest that the mechanisms of genetic 

change act early and fast. However in the synthetic material no translocation resolvable 

by GISH had gone to fixation. Nevertheless the presence of translocations does support 

the argument that in natural tobacco at least the genomic restructuring that occurred 
after polyploidy may have facilitated the establishment and stabilisation of the 

polyploid genome. 

Keywords: allopolyploidy, genomic shock, translocations, NCI 

t Radiation Risk Estimates in Normal and Emergency Situations I Eds. A.A. Cigna and 
M. Durante. Springer, 2006. P. 319-326. 
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1. Introduction 

Polyploidy, in which the entire chromosome complement multiplies (3x, 
4x ... ) has recently been the subject of many reviews (Adams & Wendel 2005; 
Levy & Feldman 2002; Levy & Feldman 2004; Liu & Wendel 2003; Osborn et 
al., 2003; Soltis & Soltis 1999; Soltis et al., 2004a; Soltis et al., 2004b; Soltis & 
Soltis 2000). Interest stems from the abundance of plants that are polyploid, 
indeed perhaps as high as 30%-70% of all angiosperms are recognisably 
polyploid based on chromosome counts. Indeed recent sequencing studies 
suggest that all angiosperms have polyploidy as some point in their ancestry 
(Lagercrantz & Lydiate 1996). Given the high number of agricultural crops that 
are polyploid (e.g. cotton, wheat, maize, banana), a genetic understanding of 
polyploidy is essential for plant breeding. Furthermore polyploids can have a 
profound impact on ecosystems (Ainouche et al., 2004; Brochmann et al., 
2004; Leitch & Bennett 1997). Allopolyploidy occurs when two related species 
hybridise and the genome multiplies, e.g. two species with genome designations 
AA and BB gives rise to an allopolyploid with genome designation AABB. In a 
single step the allopolyploid can be genetically isolated from its parents. This 
event is perhaps the most rapid and best-understood form of sympatric 
speciation. The genetic consequence of the union of two genomes that may 
have diverged from each other and their common ancestor many thousands or 
millions of years ago can potentially be profound. The outcome however is not 
easily predicted. Indeed for some classes of DNA, e.g. amplified length 
polymorphisms (AFLPs), there can be significant changes observed 
immediately after the formation of a polyploid (e.g. in Aegilops-Triticum 
synthetic polyploids) (Ozkan et al., 2001) while in others no changes are 
recorded (e.g. in Gossypium synthetic polyploids) (Liu et al., 2001). 

This paper considers the nuclear cytoplasmic inheritance hypothesis (NCI) 
proposed by Gill (1991) and extended by Song (1995). There are two 
components to this hypothesis. (i) The paternal genome in the newly formed 
allopolyploid is in the alien environment of the maternal cytoplasm. This 
renders the paternal genome unstable and vulnerable to genetic change. For 
example, analysis of restriction fragment length polymorphisms (RFLPs) in 
synthetic Brassica napus revealed that the paternal genome was more unstable 
than the maternal genome (Song et al., 1995). Furthermore in synthetic tobacco, 
investigated tandem and dispersed repeats are lost specifically from the paternal 
genome (Skalicka et al., 2005). (ii) The newly formed polyploid must pass 
through a bottleneck of sterility that is overcome by "species-specific 
translocations". These translocations are thought to enhance fertility and 
cytoplasmic compatibility in the newly formed allopolyploids (Gill 1991). Jiang 
& Gill (1994a) supported this argument in their analyses of two tetraploid 
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wheats that have "species-specific" translocations and Leitch and Bennett 
(1997) noted that two cultivars of tobacco shared the same translocations 
(Leitch & Bennett 1997). Lim et al., (2004) extended the latter analysis to a 
larger range of tobacco cultivars and observed "species-specific" translocations 
common to all tobaccos investigated (Lim et al., 2004). 

Here we investigate the NCI hypothesis by extending the analysis of Lim et 
al., (2004) on.tobacco. Tobacco is an allotetraploid (2n = 4x = 48) that formed 
up to 0.2 million years ago (Clarkson et al., 2005). DNA sequencing, 
morphology and chromosomal analyses reveal that the closest living parents are 
N. sylvestris (2n = 2x = 24, section Sylvestres) the maternal S-genome donor 
(Bland et al., I985; Chase et al., 2003; Goodspeed I954; Kenton et al., I993; 
Lim et al., 2000; Mosconne et al., I996) and N. tomentosiformis (2n = 2x = 24, 
section Tomentosae) the paternal, T-genome donor (Chase et al., 2003; Murad 
et al., 2004). DNA sequence also reveals that tobacco is monophyletic (Chase 
et al., 2003; Clarkson et al., 2004). Here we compare the genome structure of 
natural tobacco with that of synthetic tobacco plants. The most successful 
attempt to reconstruct tobacco is the Th37 line made by Burk (1973). This was 
made by crossing N. sylvestris (maternal parent) with N. tomentosiformis 
(paternal parent) and the hybrid chromosomally doubled by tissue culture. A 
single plant was recovered that was used to generate breeding material, 
generations 3 and 4 were studied (Skalicka et al., 2003; Skalicka et al., 2005) 
and reviewed here. 

2. Chromosome translocations in Nicotiana polyploids 

Se Lim et al., (2004) reported that a "species-specific" translocation might 
occur on chromosome T9/s and cultivar-specific translocations on T9/s, S2/t, 
and SI lit (Fig. ID). These translocations are resolved using genomic in situ 
hybridisation (GISH). In this method total genomic DNA from each of the 
progenitor diploid species are labelled in different ways and hybridised 
simultaneously to chromosomes of tobacco in situ. The two labels are then 
detected using different fluorochromes that fluoresce at different wavelengths. 
The method clearly resolves the S- and the T-genome of tobacco and reveals in 
the different colours chromosomes carrying translocations. The "species­
specific" translocation does lend support to the hypothesis that translocations 
have been important in the early evolution of tobacco. 

The GISH data also lends support to the NCI hypothesis that the paternal 
genome is the most unstable since the N. tomentosiformis total genomic DNA 
probe produces a less clearly resolved signal that the N. sylvestris total genomic 
DNA probe (compare the clarity of the yellow and red chromosomes in 
Fig. ID). These data are also consistent with the observed losses of tandem and 
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dispersed repeats specifically from the N. tomentosiformis-derived genome in 
natural tobacco (Lim et al., 2004) and its synthetic hybrids (Skalicka et al., 
2005). These changes have all occurred with a time frame of less than 0.2 M 
years, the maximum expected age of tobacco (Clarkson et al,. 2005). 

However GISH has also been applied to two other Nicotiana allopolyploids 
(a) N. arentsii (2n = 4x = 48, WWUU), with diploid progenitors most closely 
related to N. wigandioides (2n = 2x = 24) the W genome donor and N. undulata 
(2n = 2x = 24) the U genome donor and; (b) N. rustica (2n = 4x = 48, UUPP) 
with diploid progenitors most closely related to N. undulata (V genome donor) 
and N. paniculata (2n = 2x = 24) the P genome donor. In both of these 
allopolyploids translocations were not resolved using GISH (Lim et al., 2004; 
Lim et al., 2005). 

An analysis of the Th37 lines revealed the surprising observation that it 
shares translocations observed in normal tobacco. Two plants carried a 
translocation that looked very similar to S2/t found in all cultivars and T9/s 
found in all tobaccos studied to date (Skalicka et al., 2005). These can be seen 
by comparing the karyotypes of tobacco cv. 095-55 (Lim et al., 2004) with that 
from Th37 plant number 1 (Skalicka et al., 2005) shown in Fig. 1. Thus 
translocations similar to those reported as "cultivar-specific" and "species­
specific" are also seen in early generations of synthetic tobacco. Perhaps 
"cultivar-specific" translocations are a response to selection pressure derived 
through breeding and "species-specific" translocations a response to recover 
fertility in the early generations of this synthetic material as predicted from the 
NCI hypothesis. Nevertheless if this is so it is not an ubiquitous response 
applicable to all species even in Nicotiana or indeed in all of the synthetic 
tobaccos. 

3. Conclusion 

It has been proposed that the process of allopolyploidy perturbs the genome 
such that the "genomic shock" results in allopolyploid-induced genetic changes. 
Genomic shock may be responsible for the activation of transposons 
(McClintock 1984), retrotransposons (Kashkush et al., 2003; Melayah et al., 
2004), genomic translocations (Gill 1991), the loss and gain of DNA sequences 
and epigenetic reprogramming (Kashkush et al., 2002; Levy & Feldman 2004; 
Ozkan et al., 2001). 
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FIGURE I - A.-D. GISH to metaphase chromosome spreads of (A) N. arentsii - U genome in 
yellow, W genome in orange, (B) N. rustica - U genome in green, P genome in red (C) N. 
tabacum cv. 095-55, S genome in green, T genome in orange. (D) Karyotypes of 095-55 and of 
synthetic tobacco Th37.l. The chromosomes are arranged with the S genome above (yellow 
chromosomes) and the T genome below (red or orange chromosomes). Note the translocation on 
the S genome chromosome number 2 (called S2/t, arrows) and on the T genome chromosome 
number 9 (T9/s, arrowheads) in both the natural and synthetic tobacco 

In tobacco it may also lead to genomic restructuring including chromosomal 
translocations and perturbations to the paternally derived genome (Skalicka et 
al., 2005) as predicted by the NCI hypothesis. However these phenomena were 
not observed in the allopolyploids N. arentsii or N. rustica indicating that they 
are a phenomenon of tobacco and not a generality in Nicotiana. Perhaps the 
translocations in tobacco formed as a random polyploid-induced process in the 
de novo polyploid. Subsequently, in a pool of altered karyotypes, only those 
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that gave rise to fertile offspring survived and the fittest combinations 
proliferated. Probably fixation of genome restructuring occurs in the first few 
generations, thereafter change might be much slower. None of the changes we 
observed in the synthetic tobaccos have gone to fixation, and the material 
remains genetically unstable. However, individual lineages might be stabilized 
since plants were mostly homozygous for "species-specific" translocations. But 
two out of three lines do already closely resemble tobacco in terms of their 
translocations and this points to a common outcome affecting the synthetic 
tobacco as may have occurred to tobacco in nature. The remaining lineage 
showed a perfectly "additive" karyotype without translocations as in N. rustica 
and N. arentsii indicating that intergenomic translocation events are not an 
essential condition of successful establishment of a fertile N. tomentosifonnis x 
N. sylvestris hybrid. It will be worthwhile following subsequent generations of 
these plants and monitor fitness with regard to the occurrence of translocations. 
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Abstract - Analysis of the population-genetic consequences of technogenic 
catastrophes, e.g., Chernobyl, is of special interest in connection with the development 

of global ecological changes and rising technogenic contamination. Research on the 
dynamics of cytogenetic anomalies in bone marrow cells of different Rodentia species 
(trapped in the alienation zone near Chernobyl's NPP in 1994-2001 in places with 
different levels of contamination from 5 up to 1 OOO Ci/km2) and in peripheral blood 
cells of cattle generations of experimental herd (Pripjat, 200 Ci/km2) were carried out. 
The changes of genetic structure in cattle generations were analyzed employing family 
analysis of allele's transfer in structural genes and ISSR-PCR markers. Increases of 
mutant animals were not detected, but a reversal of genetic structure in cattle 
generations from an initial breed to ones, typical for more primitive breed was revealed. 

Our results indicate that ionizing radiation does not induce new genetic anomalies but 
allows realization of inherently unstable species- and individual-specific genetic 
characteristics. 

Keywords: population-genetic adaptation, ionizing irradiation, protein polymorphism, 
ISSR-PCR, cytogenetic anomalies 

1. Introduction 

The life on the Earth has arisen and developed in the presence of the natural 
radioactive background (RB), a constant external abiotic factor. RB for human, 
calculated for altitude of 1 meter above ground, fluctuates in world-wide 

t Radiation Risk Estimates in Normal and Emergency Situations I Eds. A.A. Cigna and 
M. Durante. Springer, 2006. P. I 09-126. 
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average annual exposure near 3.5 mSv (Masse R., 2000). Exposure to natural 
sources is characterized by very large fluctuations, not excluding a range 
covering two orders of magnitude. The availability of the territories on Earth, in 
which RB differs dozens and hundred times from world average (Masse R., 
2000), testifies the relativity of concepts of injuring dozes of ionizing radiation. 

Genetic consequences of residing in radioactive provinces have been 
investigated for many years. The broad research of the human populations in 
the areas with increased RB (for example, several states in India, Ramsar in 
Iran) where the exposure dose of the population for one year measures from 35 
to 260 mSv, have not revealed an increased level of hereditary diseases in the 
populations (Jaikrishan et al., 1999; Ghiassi-nejad et al., 2002). 

Sudden significant elevation and persistence of sub-lethal radioactive 
exposure caused by human error as in Chernobyl can be considered a 
"changed" ecological condition. Not the new local elevated RB, but abruptness 
of the change, is a real long-term problem related to Chernobyl accident. The 
"novelty" of ecological conditions caused by human activity is the specific trait 
of modem time. Chernobyl serves as invaluable model for the study of the 
effects of abrupt fast changes in the environment on the well-being of humans 
and ecosystems. 

Investigations of cytogenetic anomaly frequencies in somatic cells in 
connection with ionizing irradiation in the last 50 years were widely conducted 
on the people, plants, small-sized Rodentia species and others. The high 
individual variability in tested species in the same conditions, and also the 
absence of precise relations between quantity of cytogenetic damages in 
somatic cells and dozes of ionizing irradiation were the singularity of the 
accumulated data. Usually it is supposed that the increase of accuracy of 
methods will allow a more precise detection of correlations between low dozes 
of irradiation and induced mutation events. The first data, confirming this 
hypothesis were obtained by Dubrova et al. (1996) and concerned the 
occurrence of new minisatellite loci mutations in children of the liquidators. 
However, the increase of mutation frequencies was observed only in 3 of 8 
investigated microsatellite loci (Dubrova et al., 1996). In other research 
(Weinberg et al., 2001) the increase of new mutations was detected by RAPD­
PCR, but not by ISSR-PCR DNA markers. So, revealing of mutation events on 
DNA level in these investigations determined by specificity of variability in 
investigated minisatellite loci (Dubrova et al., 1996) and in DNA fragments, 
flanking by particular decanucleotide or microsatellite invert repeats (RAPD­
PCR, ISSR-PCR) (Weinberg et al., 2001). Hence, as in cytogenetic 
investigations, DNA marker anaiysis fails to provide unambiguous data about 
genetic effects of low dozes of ionizing irradiation, which would not depend on 
specificity of initial-variability of separate character. 
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We propose several methods to solve this problem. First, we need to search 
for the markers of the individual "resistance" to ecological changes, evaluate 
the changes in the fitness of genotypes facing changed conditions. This could 
be done by analyzing generation-to-generation changes in allelic composition 
of populations of several species reproducing in the conditions of ecological 
catastrophe (it is impossible in human populations because of large life 
duration). It is reasonable to expect that a set of molecular genetic markers 
distributed across the genome whose variability has nonrandom character in 
generations under conditions of increased ionizing radiation can be identified. 

Thus, we propose our model of the control of population-genetic changes in 
Chernobyl's zone using several species, for example, species Rodentia. Among 
the advantages, are fast change of generations, these animals are convenient for 
direct cytogenetic analysis of dividing cells in bone morrow and for population 
genetic research. Among the deficiencies of this model system are short cycle 
of reproduction, complex migration processes, and impossibility of the family 
analysis of animals in field conditions. 

Another good object for such investigations is the cattle of the experimental 
farm Novoshepelichi (Pripjat). The advantages of this model is: each animal has 
strictly determined genealogy and is useful for family analysis; all generations 
born after Chernobyl's catastrophe in conditions of a zone of alienation of 
Chernobyl's accident are available. The cattle of the same breed in rather pure 
regions is available as control. Large quantity of molecular genetic markers in 
cattle is available and their localization in chromosomes in cattle is well 
characterized. In addition, similarity between cattle and human in gene 
syntheny is noted. deficiencies of this model could be low number of offspring 
and special service required. 

2. Materials and Methods 

2.1. ANIMALS 

Mice of laboratory lines BALB/c (35 animals), C57BU6j (35 animals) and 
CC57W/Mv (27 animals) were investigated in two age groups (2-3 month and 
12-18 month) in control conditions (vivarium of Institute in Kiev, Ukraine 
(Glazko et al., 1996) and their sibs in experimental vivarium near Chernobyl's 
NPP, in which they exposed to chronic low ionizing irradiation (mean dose 
approximately 0.6 Sv,). The investigation was carried out in 1993 - 1999 in 
different seasons. 

Representatives of a Microtus oeconomus (10 animals), Clethrionomys 
glareolus (29 animals) and Microtus arvalis (43 animals) were trapped in 
places of zone alienation of Chernobyl's NPP, distinguished by radio nuclide 
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pollution from high (Red Forest, IOOO Ci/km2), middle (Janov, near 200 
Ci/km2) and to low (lvankov, Nedanchichi I-3 Ci/km2) levels. 

Cytogenetic and population-genetic investigation were performed on 
Holstein cattle at Novoshepelichi farm located within a 5 km zone surrounding 
the Chernobyl nuclear power plant (near 200 Ci/km2). As result of the accident 
the zone showed dramatically increased ionizing radiation (-200 Ci/km2). 

These cattle are further referred as "exposed" group. Parent's generation (FP), 
born in "pure" zones and founded the experimental herd in farm 
"Novoshepelichi", included two subgroups. 

(1) Bull Uran and three cows -Alfa, Beta and Gamma trapped in I987 near 
the Chernobyl reactor when the accident in I 986 happened. These animals (FP) 
were founders of FI, F2 and F3 generations, born in "Novoshepelichi". 

(2) Another subgroup of cows (FP) brought to Novoshepelichi from "pure" 
zones of Ukraine in the years I 990- I 993 being founders of another FI and F2 
generations, born in experimental farm near the Chernobyl's reactor. 

In both subgroups, FP as well as Fl and F2 cows were mated exclusively to 
only one bull -Uran belonging to FP. In summary, the experimental exposed 
herd included I 7 parents, 96 FI and 50 F2 (first and second generations born in 
conditions of chronic influences of low doze of ionizing irradiation). 

Cattle of the same breed kept in an uncontaminated region (Dnepropetrovsk, 
Ukraine) served as control, (a total of 46 animals). The cattle group (36 
animals) of Grey Ukrainian breed (from "pure" Kherson region, Ukraine) was 
included in analysis as example of more primitive breed in comparison of 
Holstein ones. 

2.2. CYTOGENETIC INVESTIGATIONS 

The preparations of bone marrow cells of representatives of Rodentia 
species and peripheral blood cells of cattle (with the use of short cell cultivation 
throughout 72 hours with phytohemagglutinin) were obtained by standard 
technique without colchicine. In Rodentia species the bone marrow from back 
legs was washed away by hypothonic solution of KCI (0.54 % ), fixed by a mix 
of methanol spirit and ice acetic acid (3: I), three times changing a fixing 
solution, then the cells were spread out the cold glass slides, dried and stained 
using Giemsa dye ("Merck", Germany). They were analyzed a binocular 
microscope (Karl Zeiss) at a magnification of IOOO. Metaphase plates were 
photographed on a film "Micrat-300". The frequency of metaphase plates 
(in % ) with following cytogenetic characteristic were counted (in % ): 
metaphase with aneuploidy, polyploidy (PP), chromosome aberrations (CHA), 
interchromosome associations on a type of Robertsonian translocation (RB), 
with asynchronous separation of centromere chromosome region (ASCR). 
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Aneuploidy was evaluated in two variants: general aneuploidy (Al) and 
aneuploidy (A2) on orie chromosome (2n±l). 

The quantity of metaphase plates (Ml) in 1000 cells, binuclear leukocytes 
(BL) and leukocytes with the micronuclei (LM) calculated on the same 
preparations in cells with saved cytoplasm (in %0). Additionally the smears of 
cattle peripheral blood were done and frequency of MI, BL, LM and the 
erythrocytes with micronuclei (EM) in them was analyzed. Statistical reliability 
of between group differences was evaluated with use of a Student T-test (ts). 

2.3. POPULATION-GENETIC ANALYSIS 

In cattle, we used an electrophoretic method of protein separation in vertical 
PAGE gels on the according to the modified technique of Gahne (Gahne et al., 
1977) for the analysis of the polymorphism of transferrin (TF), posttransferrin-2 
(PTF-2) and receptor of vitamin D (GC) loci. The analysis of hemoglobin (HB), 
ceruloplasmin (CP), amylase-I and purin nucleoside phosphorylase (PN) loci 
was carried out by a method of horizontal starch gel electrophoresis with 
subsequent histology-chemical staining using the standard techniques 
(Harris H., Hopkinson D. 1976). 

Polymorphism kappa-casein genes were investigated with the use of PCR­
RFLP analysis. For PCR-amplification of a fragment of a kappa-casein gene 
used the following primers: 

Bocas A: 5 ' - ATGTGCTGAGCAGGT ATCCT AGTT ATGG - 3 ' 
and 
Bocas B: 5 '-CCAAAAGTAGAGTGCAACAACACTGG- 3 ', 
picked up so that the DNA fragment between them included Pst I site 

specific for A and B allelic variants (Zadwomy D., Kuhlein U., 1990). PCR­
amplification carried out in the following mode: denaturation - 60 sec at + 92 C, 
subsequent 35 cycles - 60 sec at + 62 C, 90 sec at + 72 C. 5 mcl of amplified 
product was used for restriction analysis which was carried out within 4 hours 
at + 37 C with restrictase Pst I in the buffer of firm Sibenzime in volume 
15 mcl. Allele CSN3 A contains the site to restrictase Pst I, and B - don't 
contain. The restriction products divided by a method of electrophoresis in 
1.5%-s' agarose gels with addition of ethidium bromide and testing under ultra­
violet light. The mix for PCR contained in all cases 50 ng of DNA, 15 pmol of 
each primer, 2.5 mcl 10 x buffer (700 mmol/l TRIS-HCL, pH 8.8 at +25° C, 
170 mmol sulfate ammonium, 1.7 mg/ml BCA, 0.3 mmol/I Mg2CI), on 
200 mcmol/l desoxinucleoside triphosphates, and also on 1,5 U of Taq 
polymerase ("Bion", Moscow). PCR was carried out in volume 25 mcl in 
thermocycler PTC-100 MJ Research, Inc. (USA). 
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We used also the method proposed by Zietkiewicz E. et al., 1994 for PCR­
amplification of DNA fragments, flanked by microsatellite repeats (ISSR-PCR), 
with the use as primers dinucleotide repeats - (CA)10G, (CG)9G and three 
nucleotide repeats - GT(CAC)7, (CAC)7T, (AGC)6C, (AGC)6G. 

Statistical analysis (accounts of allelic and genotype frequencies, genetic 
distances on M.Nei's method, estimation of gene balance according to the 
Hardy-Weinberg's law, cluster analysis) was carried out with use of the 
standard computer program "BIOSYS-1", the statistical reliability between 
frequencies of allelic variants and phenotypes on various loci paid off with use 
of Fisher's criterion. 

3. Results and discussion 

3.1. CONSTITUTIVE (INHERITED) MUTATIONS 

Our results indicated the absence of constitutive mutations in the zone of 
alienation of Chernobyl's NPP in Rodentia species and increased resistance to 
radiation from 1994 to 2001 in the frequency of cells with cytogenetic 
anomalies in bone marrow cells. The constitutive mutations were not detected 
following exposure of mice lines (C57BU6, BALB/c, CC57W/Mv) to 
increased (approximately 100 times) level of ionizing radiation in special 
vivarium (Glazko et al., 1996), in species of red and common voles, and in 
oeconomus voles, surprisingly, including those, trapped in the Red Forest. 

In cattle, in one animal (from 160 investigated), the mutation in transferrin 
gene was revealed and only in the second animal generation, which was born in 
conditions of increased contamination by radio nuclides (200 Ci/km2). 

Carriers of Robertsonian translocation were not detected in mice and cattle 
in Chernobyl's zone, in spite of the presence of such mutation quite often was 
observed even in "pure" zones in the genomes of species with acrocentric 
autosomes. 

3.2. CYTOGENETIC ANOMALIES IN SOMATIC CELLS. 

3.2.1. Laboratory lines of mice 

In laboratory experiments on mice lines (in special vivarium near 
Chernobyl's reactor), we observed an increase of cytogenetic anomalies in the 
bone marrow cells subjected to ionizing radiation (approx 0.6 Sv). However, 
only those types of cytogenetic anomalies were increased which were 
spontaneously highly variable in an age- or season-dependent manner in the 
same mice lines not subjected to radiation. For example, from 8 investigated 
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cytogenetic characters only the frequency of binucleated leukocytes (BL) and 
leukocytes with micronuclei (LM) varied in relation with season of analyzing 
(winter, summer and autumn) and age of BALB/c mice in control conditions, 
and only BL and LM were increased in BALB/c exposed experimental 
population. In control conditions only aneuploidy (Al and A2 types) was varied 
in relation with investigation season and age in C57BU6j mice and only 
aneuploidy increased in exposed population. The increase of LM and 
metaphase plates with chromosome aberration (CHA) in old mice and in winter 
in comparison with summer was revealed in CC57W/Mv mice, and CHA and 
LM were increased in CC57W/Mv mice in special Chernobyl's vivarium. 
Moreover, in the group of "old" linear mice CC57W/Mv (aged 16-18 months), 
some cytogenetic anomalies (LM) were less frequent (5.0±0.8%0) than in the 
mice of the same age in the control group (9.0±1.2%0). This corroborates the 
findings of an increased rates of cell division (Ml, updating of cell populations 
in bone morrow and elimination of defect cells) in Chernobyl's animal 
populations (7.0±l.8%0) in comparison with control group (4.0±0.7%0). 

Therefore, our results indicate that ionizing radiation does not induce new 
anomalies in laboratory mice lines, but strengthens expression of inherently 
unstable line-specific cytogenetic characteristics in the investigated lines of 
mice. 

3.2.2. Species of voles 

In other experiments, three species of voles (Microtus arvalis, Microtus 
oeconomus, Clethrionomys glareolus) were investigated. Among them, the 
evolutionary youngest species of common vole (Microtus arvalis) characterized 
by comparative high karyotype instability in area was the most sensitive to 
ionizing radiation (Kostenko et al., 2001). 

This interspecies comparison thus confirmed that an increase of ionizing 
radiation does not induce new genetic damages, but destabilizes the preexisting 
genomic "hot spots" that are either species-specific (and more characteristic to 
evolutionary young species) or genotype-specific (for example, different 
laboratory lines of mice). 

We have revealed selection of radio resistant animals in environments with 
a high level of radio nuclide contamination. Among red and common voles 
trapped in Chernobyl contaminated zone in places with high (Red Forest, 1000 
Ci/km2) and middle (Janov, near 200 Ci/km2) levels of radiation, in 1994-1996, 
or 16-20 generations after explosion, increased frequency of cytogenetic 
anomalies in bone marrow cells was revealed. In bone marrow cells of Microtus 
arvalis, trapped in contaminated zones in 1996 y, the frequencies of aneuploid 
metaphases (A2, 2n±l) and LM were 17.9±4.4% and 6.8±0.5%0 in comparison 
with A2=8/6±2.8% and LM=3.0±0.4%o in control group (trapped in "pure" 
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zones). In voles of Clethrionomys glareolus in these zones in 1996 y the 
frequency of metaphases with chromosome aberration was 7.3±3.4% in 
comparison with 1.2±0.7% in animals from "pure" zones. In 1999-2001, after 
26-30 generations, no distinguishes from control groups on the frequency of 
cytogenetic anomalies in bone marrow cells were revealed in animals, trapped 
in Red Forest. So, the frequencies of A2 and LM in Microtus arvalis were 
3.1±0.8% and 3.1±0.530; CHA in Clethrionomys glareolus - 0.9±0.3%. 

The intensity of selection for radio resistance was mostly expressed in the 
Red Forest (1000 Ci/km2). The slower speed of such selection was observed 
under middle level of radio nuclide contamination. In 1999, in locations with 
radioactive contamination level of 200 Ci/km2 (Janov), higher individual 
variability and increased frequency of cytogenetic anomalies in comparison 
with the control group from the "pure" zone CJAwer than 5 Ci/km2) and 

~.~ .. 414'\" 

population from a Red Forest in 1999-2001 year were revealed. For example, 
the frequency of metaphases with CHA in bone marrow cells of Clethrionomys 
glareolus, trapped in 1999 yin Janov, was CHA=8.l±4.0%. 

3.2.3. Cattle 

In the parent cattle generation in the experimental economy 
"Novoshepelichi", frequency of leukocytes with the micronuclei (LM) in blood 
smears was significantly higher, than in the first, in the second and in the third 
generations of animals that were born in the zone of increased radio nuclide 
contamination. This characteristic in the cattle of the third generation was 
significantly lower (ts = 3.00; P < 0.02) than in the second generation. 6 animals 
from parent generation (LM=4.5±0.33o), 15 cattle from Fl generation, born in 
experimental farm (LM=l.1±0.830), 12 animals form F2 generation 
(3.0±0.330) and 3 animals from F3 generation (1.5±0.430) were included in 
analysis. Frequency of binuclear leukocytes (BL) in smears of peripheral blood 
also was significantly higher in the parent generation than in first and in the 
second generations of animals. 

That is, on the frequencies of cytogenetic anomalies in smears of peripheral 
blood in generations of cattle, which were born in conditions of increased 
ionizing radiation, the clear increase of radio resistance of animals was 
observed also. 

We investigated also the fertility of cows (in average number of calves, born 
by one cow in one year) in parent's and Fl generations. Fertility of cows in the 
first generations after Chernobyl explosion on the experimental farm located in 
contaminated zone was reduced approximately 5 times in comparison with the 
parent generation (on average, from 0.93 up to 0.12 calves per cow per year). 
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TABLE I. The allele distribution in parent's generation (FP), first (FI) and second (F2) 

generations of cattle born in experimental farm «Newshepelichi» in zone of alienation of 

Chernobyl's NPP (cattle group exposed to ionizing irradiation), in ancestor cattle breed Grey 

Ukrainian (from "pure" zone, Kherson, Ukraine) and in Holstein "control" group (from farm in 

"pure" zone, Dnepropetrovsk region, Ukraine) on TF, AMI, CP, GC, PTF-2 and CSN3 loci 

CATTLE'S GROUPS 
EXPOSED CATTLE's HERD IN GREY HOLSTEIN 

EXPERIMENTAL FARM UKRAINIAN ("control" 
"NOVOSHEPELICHI" group) 

Parent's generation FI off F2 off 
(sum of I 3 genotypes of spring spring 
mothers and I 3 the same 
genotypes from one bull 
Uran) 

Locus 
TF (N) 26 34 21 30 45 
A .423 .4I2 .333 .167 .41 I 
DI .346 .279 .476 .OOO .267 
D2 .231 .309 .I90 .667 .300 
E .OOO .OOO .OOO .117 .022 
F .OOO .OOO .OOO .050 .OOO 
AM-I (N) 26 34 2I 30 46 
A .OOO .OOO .OOO .OOO .OOO 
B .038 .103 .I43 .933 .283 
c .962 .897 .857 .067 .717 
CP (N) 26 34 21 30 46 
A .577 .412 .524 .733 .435 
B .423 .588 .476 .267 .565 
GC (N) 26 34 2I 30 35 
A .327 .324 .405 .183 .057 
B .673 .676 .595 .817 .943 
PTF2 (N) 26 34 2I 30 35 
F .596 .529 .357 .850 .529 
s .404 .47I .643 .I50 .47I 
CSN3 (N) 23 15 8 36 43 
A .848 .733 .625 .653 .895 
B .I52 .267 .375 .347 .105 
The averege .575 (S.E .. I44) .474 .440 . 379 (S.E. .398 (S.E . 
heterozygosity (S.E. (S.E. .080) .087) 

.086) .08I) 
(N) - quantity of mvest1gated animals 

So, I6 cows of parent's population produced 96 calves (0.93±0.03 calf per 
cow per year); 20 of them (2 I%) died before 3 month age. However, sterile 
cows were absent in parent's population. In FI, of 36 cows, 2I (58%) were 
sterile; only I5 cows of FI born animals of F2 generation had calves 50 calves 
(27 ~ and 230) in 8 years. 13 of them died before 3 month age (26% ). 
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If calculated for all 36 cows of Fl, the cow's fertility decreased from 0.93 in 
parent's cow generation to 0.12 calves per cow per year in Fl cows. If the 
number of born calves is calculated only on 15 fertile cows of the Fl 
generation, the decrease would be less, to 0.73±0.06 calves per cow per year, 
but some fertility decrease (ts=2.86; P<0.01) was revealed. 

Four cows of the F2 generation in gave birth to 10 calves (F3) over 2-4 
years, average, 0.94±0.06 calf per year per cow. This allowed us to suppose, 
that the fertility of F2 cows could increased in comparison with Fl cows 
(ts=2.67; P<0.02). 

The data obtained can result from selection pressure in Fl generation, 
related with new conditions of cattle reproduction (the increase level of ionizing 
irradiation), which lead to elimination of some genotypes. 

4. Population-genetic changes in cattle's generations 

Analysis of the allele inheritance in different genes and DNA fragments, 
flanked by microsatellite loci (ISSR-PCR) in cattle's generations that were born 
under increased radio nuclide contamination was carried out. Data on allele 
frequencies observed in control and exposed groups of cattle are presented in 
Table 1. The homozygosity of HB locus and low level of polymorphism in PN 
locus are the specific traits of Holstein breed in different countries. It was true 
for the exposed experimental herd also and hence the data of HB and PN loci 
was not included in the following comparative analysis of the genetic structures 
of cattle groups. It is interesting that the mean heterozygosity in the exposed 
group (by one sire, bull Uran) was not lower than that in the control group sired 
by a number of bulls (Table 1). The investigations covered allelic variants of 
the following polymorphous loci traced in the exposed group: TF, CP, GC, 
AM-I, PTF-2, and CSN3. At the TF locus three allelic variants -A, Dl and D2 
were found. The rare allele Tf E and specific for ancestor breed Grey 
Ukraininan allele Tf F were not revealed in experimental herd. Two allelic 
variants were revealed at the CP locus - A and B. Polymorphism at the GC 
locus was due to two alleles: A and B. AM-I was represented by variants Band 
C. PTF-2 locus showed fast and slow allelic variants - F and S, respectively. 
CSN3 had two variants -A and B. For the first time an animal was revealed with 
a constitutive mutation, the carrier of a unique variant at the TF locus, having 
electrophoreti~al mobility different from the other five TF variants, including 
the parental and rare ones, revealed in Holstein from "pure" zone (Tf E) and in 
Grey Ukrainian breed (Tf F). The mutated allele (mut) had faster 
electrophoretic mobility than allele E, but slower than allele D2. Its genetic 
nature was confirmed by data on its inheritance (Table 2). Neither in literature 
nor in the control animals (bred in a relatively clean environment) was a similar 
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allelic variant found, thus confirming the uniqueness of the mutation. Basing on 
the available data, it is not possible to establish precisely whether the mutation 
came from the dam or the sire. One may only assume, that the mutation had 
appeared in cow No.49 (FI. the daughter of cow Beta) and next was inherited 
by No. 113 (F2) and her daughter No.I55 (F3), but did not appear in any other 
progeny of Beta and Uran (Table 2). 

The distribution of allelic variants at the loci studied in parents and their 
progeny of different generations is presented in Tables 2 and 3. An analysis of 
the transfer of allelic variants from heterozygous parents to their progeny was 
carried out. Theoretically, both alleles have an equal chance of being 
transferred from the parents to the offspring. 

In parent generation (FP) genetic structure was described as the sum of 13 
different mother's genotypes and I 3 identical genotypes of bull Uran, which 
was the father in all cases (Table I). Excess of heterozygosity in some loci was 
observed. However, among parents excess of heterozygosity in TF locus was 
revealed on Uran's Tf ADI genotype (Chi-square=I5.384; p=0,002), but in FI 
- on Tf AD2 genotype (Chi-square=8.975; p=0,030). In four out of the 
investigated six loci deviations were found from the expected parent -
offspring transfer values in two generations, being significant, however only for 
AMI and CP loci (t5=2.0, P<0.05 and t5=2.8, P<O.OI, respectively) and only in 
FI derived from cows Alfa and Gamma the preference of Tf D2 allele 
transferring from mothers to offspring was obvious (Tab. 2, 4). In general, in 
the case of the TF locus in FI, allele A, .was more often transferred to the 
offspring from the sire (ADI genotype) while allele D2 - from the dams. In F2 
the allelic transfer from Uran was closer to that expected (Tab. 2, 3, 4 ). In case 
of CSN3 locus the increase of B allele frequency in FI in comparison with FP 
was observed also, but the differences were more small (ts=l.77, P<0.10). It is 
very important to note that the comparative high frequencies of allele D2 in TF, 
B in AMI, B in CSN3 loci are the specific traits of gene pools of ancestor Grey 
Ukrainian breed (Table I). So, the data obtained demonstrated some shift of 
gene pools in FI offspring, born in conditions of ionizing irradiation, from 
parent generation to ones, typical for more primitive cattle breed, Grey 
Ukrainian. 

An analysis of the changes in allele frequencies occurring over the two 
generations demonstrated a clear disturbance in their distribution in FI, as 
compared to that characteristic for the parental (FP) generation. In generation 
F2, the observed frequencies were close to those expected. 
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TABLE 2. The transferring of allelic variants of TF, CP, AM-I, GC, PTF2, CSN3 loci from 

cows-mothers Alpha, Gamma, Beta and bull Uran to offspring of 1, 2. 3 generation (FI, F2, F3), 

which were birthing in experimental economy of alienation zone of Chernobyl's accident 

"Novoshepelichi" 

Mother Allele N2off TF Allele CP Cp AM-I GC PTf'2 CSN3 
Mother genoty Tf spring genotype Tf genotype allele genotype genotype genotype genotype 
name peTF from of from of from of mother- mother- mother-

mother offspring bull offspring father offspring offspring offspring offspring 
Uran 

Bull Uran ADI AB cc AB FS AB 
FI from cow A/,.ha 

Alpha AD2 D2 Rosa AD2 A AB B cc BB AB FS FF AB BB 
Alpha AD2 D2 Galka AD2 A AB B cc BB BB FS SS AB AA 
Alpha AD2 D2 105 AD2 A AB B cc BB BB FS FF AB AA 
Alpha AD2 D2 I20 AD2 A AB B cc BB AB FS SS AB -
Alpha AD2 D2 167 AD2 A AA A cc BB BB FS FS AB -

F2 from cow ATnha 
Rosa AD2 A 83 ADI DI AA A cc AB AA FF FF BB -
Rosa AD2 A Il6 ADI DI BB B cc AB AB FF FS BB -
Galka AD2 D2 80 AD2 A AA A cc BB AB SS FS AA AB 
Galka AD2 A 95 ADI DI BB B cc BB AB SS SS AA AB 
Galka AD2 A 11 ADI DI AB ? cc BB AB SS FS AA AB 

120 AD2 D2 152 DID2 DI BB B cc AB AA SS SS - -
Fifmm cow Gamma 
Gamma AD2 D2 Maika AD2 A AB B cc BB BB FS FS AA -
Gamma AD2 D2 32 AD2 A AA A cc BB BB FS FF AA AA 
Gamma AD2 D2 15 AD2 A AB B cc BB BB FS FF AA AB 

F2 ,.,.m cow Gamma 
Mailca AD2 D2 85 DID2 DI BB B cc BB BB FS FS - -
Mailca AD2 A 99 ADI DI AB ? cc BB AB FS FS - AB 

32 AD2 D2 93 AD2 A AA A cc BB AB FF FF AA AA 
15 AD2 A 81 ADI DI BB B cc BB BB FF FF AB AA 
15 AD2 A 100 AA A AB ? cc BB BB FF FF AB BB 

F 1-,;;,m cow Beta 
Beta ADI A I03 AA A BB B BC BB BB FF FF AB -
Beta ADI ? 49 ADI ? AB A BC BB BB FF FS AB -

F2 from cow Beta 
49 ADI ? 92 ADI ? AB ? cc BB BB FS SS - AA 
49 ADI ? 113 Amut ? AA A cc BB BB FS SS - -
49 ADI DI 144 DID! DI AA A BC BB BB FS SS - -
49 ADI DI 158 DID! DI AA A BC BB AB FS FS - -

Ff i....m cow Beta 
113 Amut mut 155 Amut A AB B cc BB AB SS SS - I -
113 Amut A 168 ADI DI AB B cc BB BB SS FS - -

The notes: 
"?" - cases, in which it is impossible to establish, what allele is received from mother, and with 
what - from the father; "-" - the data are absent. «mut» - mutation in transferrin's locus 
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TABLE 3. The transferring of allelic variants of TF, CP, AM-I, GC, PTF2, CSN3 loci from 

cows-mothers, introduced in experimental economy «New-Shepelichi» of alienation zone of 

Chernobyl's accident in 1990-1993 years to offspring of 1 and 2. generation (FI, F2), which 

were birthing in condition of increased ionizing pollution 

Mother Mother Allele N~ off TF Allele CP Cp AM-I GC PTF2 CSN3 
name 's Tf spring genotype Tf genotype allele genotype genotype genotype genotype 

genoty from of from of from of mother- mother- mother-
peTF mother offspring bull offspring father offspring offspring offspring offspring 

Uran 
Bull Uran ADI AB cc AB FS AB 
without - D2 4768 AD2Fl A AB ? cc ?? AB ?? FS - -
name 

without - D2 4776 DID2Fl DI AB ? cc ?B BB ?S SS -
name 

without - D2 4789 AD2F2 A AB ? cc ?? AB ?F FF -
name 
6843 AD2 A 91 AAFI A AA A cc AB AB FF FF BB BB 
6843 AD2 D2 160 DID2FI DI AB ? cc AB AB FF FS BB -
6841 DID2 D2 40 AD2Fl A BB B cc BB AB FF FS - AB 
6827 DID2 D2. 42 AD2FI A AB B cc AB AB SS FS BB AB 
6827 DID2 DI 88 ADI FI A BB B cc AB AA SS FF BB -
6827 DID2 DI 104 ADI FI A AB B cc AB AB SS FS BB AB 
6827 DID2 DI 166 DIDI FI DI BB B BC AB BB SS SS BB 
6824 DID2 DI 162 DID! FI DI BB B BC BB AB FF FS AA -
6824 DID2 D2 149 DID2 FI DI AB ? BC BB BB FF FS AA -
6824 DID2 DI 79 ADI FI A AB B BC BB BB FF PS AA AA 
6824 DID2 DI 7Golk ADI FI A BB B BC BB BB FF FS AA AA 
6803 AD2 D2 102 DID2 FI DI BB B cc AB BB PS PS AA 
6803 AD2 D2 150 DID2 FI DI AB ? cc AB AB FS SS -
4789 DID2 D2 86 AD2FI A AA A cc AA AB FF PS - AA 
4789 DID2 DI 94 ADI FI A BB B cc AB AA FF FS - AB 
4789 DID2 DI 169 ADI FI DI BB B cc AB AA FF FS - -
4776 DID2 D2 87 DID2 FI DI BB B cc BB AA FS FF - -
4776 DID2 D2 IOI AD2Fl A AB ? cc BB BB FS SS AA 
4776 DID2 DI 147 DID! FI DI AA A cc BB BB FS SS - -
4768 AD2 D2 84 AD2FI A BB B cc AB BB FS FS AB -
4768 AD2 A 97 AAFI A AB B cc AB AA FS FS AB AB 
118 ?D2 D2 151 AD2F2 A BB B BC ?? AB ?S SS - -
118 ?D2 D2 157 DID2 F2 DI BB B BC ?B BB ?S SS 
42 AD2 D2 136 DID2 F2 DI AA A cc AB AA FS SS AB 
42 AD2 D2 154 DID2 F2 DI AA A cc AB AA FS SS AB -

7 Golka ADI ? 122 ADI F2 ? AB A BC BB AB FS FS AA -
7 Golka ADI DI 161 DID! F2 DI AB A BC BB BB FS SS AA -

The notes: 
"?" - cases, in which it is impossible to establish, what allele is received from mother, and with 
what - from the father; 
" -" - the data are absent. 

The reason for the inheritance disequilibrium observed in Fl may be related 
to a change in selection, as, also, the fertility decrease of Fl cows. Effects of an 
abiotic stress may lead to selection in different stages of offspring forming from 
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parental generation which was subjected of increased level of ionizing 
irradiation in the zone of alienation around Chernobyl. 

Thus, the change of environment could directly affect the preferable 
reproduction of some genotype combination of the parental animal gametes, 
and also change the pattern of genetic structure in Fl. The effect of the 
environment on preferable genotype reproduction is most clearly demonstrated 
in the disruption of the expected allelic transfer. 

TABLE 4. The frequency of allele transfer in transferrin (TF) and ceruloplasmin (CP) loci from 

cows Alpha, Gamma and bull Uran to offspring in first (F1) and second (F2) generation 

Allele Fl F2 

sex TF offspring frequency offspring frequency of 
/parent of transfer /parent transfer 

Uran A 8/8 1.00 3/11 0.27 
cows D2 8/8 1.00 4/11 0.36 
sex CP offspring frequency offspring frequency of 

/parent of transfer /parent transfer 
Uran B 6/8 0.75 5/8 0.62 
cows B 010 0.00 5/8 0.62 

Despite close inbreeding in the exposed herd (one bull serving several 
generations), the heterozygosity at the loci analyzed in generation F2 was close 
to the mean heterozygosity in FI. In the case of PTF-2 and CSN3 loci the mean 
heterozygosity in F2 was even higher than that in FP. Thus, over the two 
progeny generations examined the principal effect of inbreeding (increase in the 
number of homozygotes) was not observed. This phenomenon may possibly be 
explained by the involvement of mechanisms preserving a stable heterozygosity 
level, expressed as a disrupted allelic transfer from the parents to the offspring. 

Thus, under changed environmental conditions the disrupted transfer of 
certain alleles from the parents to the offspring leads to a significant difference 
in allele frequencies from those expected in F 1 and to a stabilization of these 
differences in F2. 

The comparison of genetic structure of the same molecular-genetic markers 
between Holstein and Grey Ukrainian cattle breeds from "pure" zones, parent's 
generation of experimental herd and their children (born under influences of 
ionizing irradiation) demonstrated the shift of the offspring's genetic structure 
in some loci from typical ones for parents (belonging to Holstein breed) to more 
primitive, ancestor breed, Grey Ukrainian cattle. 

Early on we revealed the increase of frequencies of cytogenetic anomalies 
which did not lead to cell death (such as inversions, inserts, reciprocal 
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translocations) in blood cells of children (14 - 16 years age) who received the 
doze of ionizing radiation (0.3-0.4 Sv) in utero (Nastiukova et al., 2002). 
Obviously, it related to the clonal cell expansion after acute ionizing irradiation. 
Our data about the cattle fertility decrease in Fl, allowed to suppose, that 
children exposed to low dozes of ionizing radiation in utero, could face 
reproductive problems in the future. 

The analysis of polymorphism and heritability of some molecular genetic 
markers of anonymous sequences in DNA (ISSR-PCR) was carried out using 
the method described by Zietkiewicz E. et al. (1994). The following sequences 
were used as primers: dinucleotide repeats - (CA)lOG, (CG)9G and 
trinucleotide repeats - GT(CAC)7, (CAC)7T, (AGC)6C and (AGC)6G. 

The amplification spectra were analyzed for two families of the exposed 
group -from cows Alfa and Beta mated, as always, to Uran. In the case of 
dinucleotide repeat (CA)lOG, in the amplification spectra of all investigated 
animals, eight distinct DNA fragments were observed -from 750 to 1900 bp. 
These fragments were identified in all animals -both in the parents and in the 
offspring, and neither individual variation nor the occurrence of new variants 
was observed in the progeny. The same pattern was observed when (CG)9G 
primer was used -the amplification spectra had six precisely identified 
fragments 650-1500 bp long. Neither individual variation nor differences of 
amplification spectra from parental variants were found when using the 
trinucleotide repeat (CAC)7T as a primer, and ten fragments were recorded in 
its amplicon spectrum -400-1600 bp long. Thus, considering each fragment of 
amplified DNA as a separate locus, it was possible to conclude that in all 24 
DNA loci and in all animals analyzed no individual variation appeared and no 
new mutation variants occurred in the progeny born under increased ionizing 
radiation. 

The use of three other primers, consisting of trinucleotide microsatellite 
repeats -GT(CAC)7, (AGC)6C and (AGC)6G -resulted in the formation of 
polymorphous spectra of amplification products. Using the GT(CAC)7 primer 
produced ten fragments 650-2000 bp long, in the spectra of amplification 
products. The 2000 bp fragment was absent in cow Alfa and in her FI offspring 
(Nos. 120 and 105). The progeny of cow Beta (No.113 and 155, respectively) 
were also lacking this fragment. Fragments 1800 and 1700 bp long were absent 
in F2 and F3 (No.113 and 155, respectively) of cows Alfa and Beta. The 1500 
bp fragment was absent in cows Nos. 49, 113, 144 and 155 (Beta's progeny), 
while fragment 1400 bp -in No.105 (Alfa's progeny). Thus, among ten 
fragments (loci) of GT(CAC)7 primer, five appeared polymorphous as they 
were present or absent from the amplification spectra. Basing on the data 
obtained one may conclude that Uran was heterozygous with respect to the 
2000 bp fragment, Alfa was homozygous as regards the absence of the 
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fragment, while Beta homozygous as regards its presence. The distribution of 
this fragment in the progeny was close to that expected. 

The use of the (AGC)6G primer resulted in a wide spectrum of 
amplification products, consisting in total of 27 fragments (600-2600 bp) from 
different animals. Again no amplification products which would point to the 
occurrence of mutations were found. Altogether, with the existing 
polymorphous spectra in different animals the use of these two trinucleotide 
primers resulted in 49 amplification products. 

The most complex spectrum of amplification products was observed with 
(AGC)6C primer. Two amplification products were revealed in Alfa's daughter 
No.105 that were absent in both parents. A poor reproducibility of the 
amplification spectra in this case was also marked. One may assume that such 
complexity of the amplification spectra and poor reproducibility were caused by 
the primer itself, in particular by the presence on its 3' end of the nucleotide 
combination GCC, which promotes formation of a "mini-pin". It could result in 
a poor annealing accuracy. For this reason it proved necessary to make a special 
family investigation establishing whether the new bands in animal No.105 were 
a result of mutation events or artefacts of an inaccurate reannealing of the 
primers. 

In total, using two dinucleotide and three trinucleotide primers, 73 
amplification products were found in the progeny of cows Alfa and Beta mated 
to the bull Uran. No changes were observed which could be interpreted as a 
new mutation. Two unique bands found in one offspring of Alfa with the 
(AGC)6C primer could be the effect of the reduced accuracy of annealing, and 
thus requires further research. Interesting is the high heterozygosity of Uran, 
shown by the analysis of polymorphous spectra of anonymous DNA fragments 
and by the polymorphism of structural genes. It is possible that the prolonged 
and successful fertility of the bull under both increased ionizing radiation and 
inbreeding was caused by his high heterozygosity. 

It is important to note that observed shift of a genetic structure in cattle 
generations in the direction of the less specialized forms was in agreement with 
the literature data about a decrease of a number of behavioral specialized 
functions in voles (more primitive relatives of burrows) in conditions of 
increased radio nuclide contamination (Maslov B.I., 1972), and also with the 
data of the Danish investigators about disturbance of functions of associative 
thinking in Danish children after the first air explosions of nuclear bombs and 
after Chernobyl accident (Sankaranarayanan K., 1991). 

All these appearances corresponded to a rule of I.I. Shmalgauzen (1983) 
that any change of the environment lead to preferable reproduction of the more 
primitive forms within a species. Thus, the main problem after the Chernobyl's 
catastrophe, as well as other ecological changes, lies not in the occurrence of 

405 



GENETIC CONSEQUENCES OF THE ECOLOGICAL CATASTROPHE 

the new mutant organisms, but in the long-term changes of the genetic structure 
of populations and, accordingly, in the appearance of the new interspecies 
interactions between the less specialized (marginal) representatives of each 
species in species communities. 

5. Conclusions 

1. Problem of Chernobyl's catastrophe is that the populations of different 
organisms were subjected to dozes of ionizing radiation which were new to 
them. 

2. Increased level of ionizing radiation did not induce qualitatively new 
damages of the genetic material, but increased chromosomal instability in those 
species or at those cytogenetic anomalies that have been determined to be a 
priori more prone to appearance of cytogenetic defects than others. This 
provides a basis for the hypothesis that evolutionary younger species are more 
sensitive to the change of ecological conditions at the chromosome 
rearrangement level in comparison with older ones. 

3. Effects of detrimental environmental changes have deferred realization in 
generations. Decrease of the reproduction function in cattle was observed in 
cows, which were born in first generation in a zone of alienation of Chernobyl's 
NPP, possibly, in connection with the particularities of mammalian oogenesis 
(maturation of ooblasts to meiotic stage before birth). Strong selection for radio 
nuclide resistance in voles emerged through approximately 26 generations after 
the beginning of the ionizing radiation exposure and it was dose-dependent. 

4. No increase in the quantity of constitutive mutations in investigated 
genes, ISSR-PCR markers or chromosomes in analyzed species (cattle and 
Rodentia species) was observed. 

5. In generations of cattle, disturbance of equiprobable transmission of 
alleles of a number of molecular genetic markers, increase of heterozygosity 
and radio resistance were observed. 

6. In family analysis the changes of genetic structure in cattle generations of 
experimental farm "Novoshepelichi", the shift of gene pool from typical for 
specialized parent dairy breed Holstein to that characteristic for the less 
specialized breeds was revealed (decrease in level of specialization) 
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Abstract - Directed evolution means the following: living organisms have a 
predisposition to vary in certain directions, and this very predisposition determines 
trends of evolution first of all; as crystals grow, taking a certain form, so phylogenetic 
trends evolve following their internal laws irrespectively of adaptation and natural 
selection. The evolution of mankind and biosphere will be analysed in this context. 

Keywords: laws of evolution, directed evolution, human species, biosphere, ecological 
history, fisheries 

1. Introduction 

Aiming to characterise the mankind and biosphere evolution tendencies I 
referred to the history of evolutionary biology looking for the most general 
regularities of species evolution, and to the environmental history, i.e. the 
history of human impact on wildlife (by the example of the history of fisheries). 

2. Looking for evolution laws 

The attempts to reveal the laws of evolution, which would be similar to the 
laws of chemistry and physics, were undertaken mainly within a framework of 
the directed evolution concepts (orthogenesis). The advocates of these concepts 
claimed the following: living organisms have a predisposition to vary in certain 
directions, and this very predisposition determines trends of evolution first of 
all; as crystals grow taking a certain form, so phylogenetic trends evolve 

t Radiation Risk Estimates in Normal and Emergency Situations I Eds. A.A. Cigna and 
M. Durante. Springer, 2006. P. 211-217. 
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following internal laws. This hypothesis was originated in the second half of the 
19th century. Afterwards, several models of directed evolution concept were 
regularly formulated (table 1. see Popov 2002, 2005 for details). They were 
usually strongly challenging the Darwin's theory. Nevertheless now the idea of 
directed evolution is penetrating «through the back entrance» even those 
studies, which were conducted in terms of natural selection theory. New 
Darwinian concepts reminding orthogenesis were elaborated: "developmental 
constraint" (Maynard Smith et al., 1985), "generative entrenchment" (Wimsatt, 
1986), "epigenetic traps" (Wagner, 1989), "evolutionary ratchet" (Arnold, 
1989), "design limitation" (Wake, 1991), "development and design limits" 
(Arnold, 1992), "spontaneous order" "crystallisation of life" (Kauffman, 1993), 
"evolutionary channelling", "non-random production of variants" (Schwenk, 
1995), "early "morphogenetic" stage of evolution" (Arthur, 1997), etc. Their 
authors do not consider themselves advocates of orthogenesis, however they 
claimed the possibility of the self-organised autonomous evolution without 
selection or significance of some internal forces in evolution. Such hints of 
orthogenesis dealt mostly either with the hypothetical organisms (modelling 
without any illustrations by real examples), or with the very remote past (pre­
Cambrian ), or minute details of the structure of some organisms (e.g. fingers of 
some salamander species or differences in spot-patterns between segments of 
Drosophyla body). The directed evolution idea is not allowed to penetrate the 
foreground of evolutionary theory, but it progressed over the last 150 years. The 
information collected by its advocates provided backgrounds for decisive 
conclusions on the evolution directionality. 

3. Directed evolution mechanism 

The emergence of the directed evolution concepts came from the analysis of 
the following phenomena: convergence inexplicable in terms of adaptation, 
constraints on variation, evolution of non-adaptive characters, trends of 
evolution leading to extinction, the origin of novelties. The mechanism of them 
could be characterised as follows: individuals inevitably produce copies of 
themselves, but they are unable to produce the exact self-copies for a long time, 
that is why organisms evolve inevitable over the change of generations even if 
they have already reached an adaptive condition; such an inevitable evolution 
takes place in definite directions because of physical and chemical constraints. 
In other words: the constraints and variation pressure prevail over selection. 
This means that the majority of species representatives participate in evolution 
rather then selected elite, which force out their relatives. 
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TABLE 1. The directed evolution concepts: historical protagonists and milestones' 

Author Country Field of The names and/or the The year(s) 
empirical main terms of the of the main 
studies evolutionary concepts publications 

Carl von Nageli (1817-1891) Switzerland Botany, Theory of perfection 1856-1884 

Germany microanatomy, Mechanic-physiological 
plant theory of evolution 
physiologv 

Albert von K()Ilicker (1817- Switzerland, Histology, Heterogenesis, theory of I 864-1872 
1905) Germany Zoology perfection 

Edward Cope (I 840-1897) USA Paleontology Batmism, batmogenesis, I 868-1897 
Neo-Lamarckism 

Karl von Baer (1792-1876) Russia Embryology "Purposeful creation" 1876 

Wilhelm Haacke (1855-1912) Germany Zoology Orthogenesis 1893 

Theodor Eimer (1843-1898) Germany Zoology Orthogenesis 1897 

Charles Otis Whitman (1842- USA Zoology Orthogenesis 1919 
1910) 

Daniele de Rosa (1857-1944) Italy Zoology Ologenesis 1898-1931 

Henry Osborn (1857-1935) USA Paleontology Aristogenesis 1912-1934 

Lev Berg ( 1876-1950) Russia lchtyology, Nomogenesis 1922-1926 

Geography 

Dmitry Sobolev ( 1872-1949) Russia Paleontology Historical biogenetics 1924 

William Lang (1878-1966) Great Paleontology Orthogenesis 1910-20s 
Britain 

Hans Przibram (1874-1944) Austria Embryology Apogenesis 1900-1920s 

Alphonse Labbe (I 869-?) France Zoology Allelogenesis 1920s 

Andre Lwoff(I902-1994) France Physiology Physiological 1930-40s 
reduction,Orthogenesis 

Pierre Teilhard de Chardin France Paleontology Orthogenesis, Omega 1950s 
(1881-1955) principle 

Ono Schindewolf ( 1896-1971) Germany Paleontology Typostrophism I 930-1950s 

Albert Vandel (1894-1980) France Zoology Organicism I 950-60s 

Emilio Aguirre Spain Paleontology Orthogenesis 1958 

Miguel Crusafont Pair6 Spain Paleontology Orthogenesis 1960 

Leon Croizat ( 1894-1982) Italy, USA, Botany, Panbiogeography, 1960s 
Venezuela biogeography Biological synthesis 

Wolfgang Gutmann (1935- Germany Animal Frankfurt school of 1970-1990s 
1997) morphology engineering morphology 

1 Kollicker, 1864, 1872; Nageli, 1865, 1884; Cope, 1868, 1896; Baer, 1876; Haacke, 1893; 
Eimer, 1897; Whitman, 1919; Przibram, 1929; Rosa, 1931; Osborn, 1934; Berg, 1922; Sobolev, 
1924; Labbe, 1924, 1929; Lwoff, 1944; Teilhard de Chardin, 1950, 1987; Schindewolf, 1947, 
1993; Aguirre, 1958; Crusafont Pair6, 1960; Vandel, 1964; Lima de Faria, 1988, 1995; Gutmann, 
1994, 1996, 1997; Taylor, 2002; Akhnazarov, 2002; Kawamura, 2003. 
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Eduard Akhnazarov (1933- Russia Economy Contours of evolution 1982,2002 
2001) 

Antonio Lima de Faria Sweden Cytogenetics Autoevolution, 1980-1990s 
Biological periodicitv 

Kunio Kawamura Japan Chemistry Subjectivity, self- 1990-2003 
organization, Shutaisei 

The incapability in exact self-copies production could just be caused by the 
complexity of processes involved in the organism reproduction. Some faults of 
the reproduction are inevitable because of such a complexity, and the more 
complex organic system is, the more numerous are the faults. This means that 
the period of the reproduction of the approximate self-copies is lesser at the 
complex organisms. So, the simplest organisms could remain unchanged for a 
long time, while the highest organisms evolve rapidly irrespective of any other 
condition. 

4. Directed human evolution 

So far, the attempts to describe the directed human evolution have been rare 
and inconsistent. At the most cases they reduce to the claim the great 
importance and uniqueness of the evolutionary trend of the human ancestors 
and to glorifying the power of human intellect. Usually the researchers of man 
and mankind do not allow any doubts in the capacity of man to control his own 
evolution rationally. Even the orthogenesis supporters gave numerous 
exceptions concerning mankind, not taking into account the laws of evolution 
common for all species. 

Assuming the existence of the mechanism characterised above, the human 
evolution might take place spontaneously irrespectively of our desire. In a 
moment the species Homo sapiens might be transformed into other(s), or 
become extinct without any descendent. The second scenario is supported by 
three evidences: 1. Human species represents the origin of giant specialised if 
compared to other hominids. The appearance of such forms indicates the 
forthcoming extinction of a phylogenetic trend. 2. The current hominid 
evolution stage demonstrates the decrease in the species number up to the 
minimum. This also takes place at the final stage of a trend. 3. Changes in 
human environment take place in that directions, which are hardly favourable 
for the mankind. 

5. What direction is biosphere evolving towards? 

Biosphere is replacing for the sphere of human activity, but this activity is 
hardly reasonable. During the last 40 years the human population doubled, the 
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20 % of topsoil has been lost, wars and other non-rational human activities have 
not been disappearing. At present a quarter of mankind lives in poverty 
(Chiarelli, 2003). The negative human impact on nature is not declining. The 
biosphere care is not the prime interest of those groups of mankind, which 
operate its activity. Despite great intellectual achievements human species is 
incapable to use biological resources rationally. 

The history of fisheries is a good example of such incapability. The catches 
of fishes and other water inhabitants have been continuously declining over the 
last centuries. The scale of such a declining was only recently realised by some 
specialists. Usually the representatives of one human generation are informed 
well only on the situation existing several decades before them. They consider 
that situation to be perfect, while they do not realise that it was much better 
hundreds years ago. Each human generation states more and more modest tasks 
undertaking measures for rational control of fisheries. At the moment 
enthusiasts on ocean wildlife restoration accept a slogan: "shifting baselines", 
i.e. they appeal to realise the catastrophic decline of biological resources. It 
would seem, that if the "baselines" are known, it should be very easy to 
elaborate a rational strategy for the restoration: to restrict the catches, to wait 
some years, and than to use fish populations rationally in accordance with the 
well known regularities of the population dynamics. However the mankind is 
incapable to do it. Even the developed countries cannot stop fisheries and 
control the groups of mankind, which want to catch fish. The fisheries stop only 
when the fish population runs out, i.e. when the fishery becomes non-profitable. 
The only way to solve the problem is to organise the fish breading (The 
Northwest Salmon Crisis, 1996; Pacific salmon and their ecosystems, 1997; 
Taylor, 1997). Why do we need to breed fishes, if they could reproduce and 
grow by themselves? Now only uneducated persons are allowed to express such 
a viewpoint, while an "intelligent" man is guided by another one: "Why must 
we prohibit something to ourselves and just to catch fishes, if we can breed 
them?" The last viewpoint could seem rational, but the problem is, that the fish 
breeding is very expensive and labour-intensive, and it causes ecological 
problems. It requires technologies, bureaucracy and scientific researches. Each 
of such components tends to be more and more complex, requiring new 
technologies. Moreover, those components appear inevitably, which just 
pretend to contribute to the fish population restoration, while in reality they just 
support their own existence. If to spend on the protection of populations and 
purification of water the huge funds, which are spent directly or indirectly on 
fish breeding, the ecological and economic effects would be much higher. 
However it is impossible now. To realise another strategy the self-developing 
system was already established. It approaches the end of the natural existence 
of many fish species. Man undermined the populations of numerous land 
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animals thousands years ago, and then was forced to domesticate some of them. 
Nowadays it should be the fish's turn. 

The case of the fish populations undermining shows: human species is 
incapable to control the activity of the big groups of its representatives; the 
majority of human species representatives is extremely selfish; human species 
continuously exterminates all possible kinds of the natural biological resources; 
solving ecological problems mankind always chooses that strategy, which 
contributes to the development of technologies. 

6. Conclusion 

The incapability of organisms to reproduce exact self-copies for a long time 
causes evolution, which takes place in definite directions because of the 
physical and chemical constraints. That is why evolution takes place inevitably 
even in those cases, when organisms reached adaptive condition, or even in 
non-rational direction. This means that the species Homo sapiens will be 
inevitably transformed into other one(s) or disappear without any descendant. 
The ability of mankind to control this process rationally is dubious. At least 
now human species has been incapable even to control the activity of big 
groups of its representatives. The mankind is increasing unreasonably its own 
population and destroying the objects of biosphere, which could be used 
rationally (e.g. fish populations). The human activity indicates on the 
spontaneous transformation of the whole biosphere in definite direction. The 
display of such processes is the development of technology. To reproduce and 
develop technologies human species increases its own population and destroys 
his environment. The products of technology development tend to substitute the 
whole biosphere. 
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