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CHAPTER I 

INTRODUCTION TO CHERNOBYL AND RADIATION GENETICS 

The explosion and the environment 

On 26 April 1986, Reactor 4 at the Chernobyl Nuclear Power Plant 

complex in the former Soviet Union exploded. During the course of safety 

tests and changing of spent fuel rods, output power of the reactor fell to 

almost complete shutdown level. Safety procedures and protocols were 

ignored or overridden, and the result was two steam explosions that 

destroyed the reactor (Medvedev 1991). The explosions and subsequent 

core fire were estimated to have released 50 (Mourad and Snell 1987) to 

200 (Sich 1994) million Curies of radioactive material into the 

environment. Over 21 different radioisotopes were released into the 

environment (Medvedev 1991), and 97% of the radioactivity originally 

released has now decayed. 

Contamination within 10 km of the reactor was due to complex 

radioactive particulates associated with fuel rods and graphite from the 

reactor core (Baker et al. 1996a; Medvedev 1991). Intense heat from the 

explosion and the subsequent graphite fire created an aerosol of volatile 

elements that were released into the environment for ten days before the 

fire was extinguished. Thus, radioisotopes were transported by prevailing 

winds over much of Europe and Asia. Approximately 135,000 people were 

evacuated from a 30 km radius around Reactor 4 in Ukraine and Belarus, 

and authorities established a 10 km exclusion zone that today is tightly 

controlled for human access and activities via check stations (Figure 1). 

These restricted areas are designated the 30 k zone and the 10 k zone. 
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Figure 1. General map of the Chernobyl area in the Ukraine. 
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respectively (Aleksakhin 1993). One reactor remains functional today: 

employees work limited shifts and are constantly monitored for radiation 

exposure. There are areas within the 10 k zone that have undergone 

remediation activities to control radioactive contamination such as removal 

of top soil, burial of radioactive trees, construction of levees and 

enclosures, and planting trees and other vegetation; however, most areas 

within the 10 k zone have encountered minimal human disturbance since the 

accident (Sokolov et al. 1993). 

The animals living in the radioactive regions carry out the entire 

ontogenetic process while encountering significant internal and external 

dose rates (Chesser et al. in litt). They live in the midst of the radiation, 

producing offspring that are born to parents which undergo gametogenesis 

in the same environment. There is a substantial literature (reviewed below) 

that suggests that mutational effects of acute doses of radiation on live 

mammals are not great. However, there are no empirical studies in the 

literature that can attempt to replicate the ongoing biological experiment at 

Chernobyl. The animals at Chernobyl have been continuously exposed to 

high levels of chronic radiation for 11 years, and are exposed via an 

external dose and through internal doses received from food sources that 

are radioactive. Thus, this environment provides an unusual opportunity in 

which to study the effects of chronic, high level exposure to radiation in 

natural populations. 

The meltdown at Chernobyl and the subsequent rejuvenation of the 

flora and fauna near the reactors (Baker et al. 1996a) raise significant 

biological questions. How does long-term exposure to high levels of 

ionizing radiation affect "normal" evolutionary processes and rates? Does 
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this exposure accelerate the rate of evolution? How are genes and proteins 

affected? Can natural populations adapt to high mutation pressures ' Can 

the genome sustain high rates of mutation for multiple generations? The 

reactor disaster provides an opportunity to utilize the Chernobyl site to 

address these and other evolutionary questions. 

The atomic bomb survivors 

The atomic bombings of Hiroshima and Nagasaki in 1945 provide the 

most realistic and extensive data on radiation-exposed vertebrate (human) 

populations. The phenotypic effects of radiation on humans and their 

children from Hiroshima and Nagasaki were studied in detail, while 

investigations of genotypic effects were limited by the techniques available 

at the time (e.g. , the 1950s and 1960s). The development of cytogenetics 

and protein electrophoresis in the 1970s allowed for more refined genetic 

studies on the children of atomic bomb survivors. However, these studies 

failed to demonstrate statistically significant correlations between radiation 

exposure and genetic effects (see Schull et al. 1981 for a review). J.V. 

Neel and colleagues, over a period of some fifteen years, examined the 

equivalent of 667,404 protein locus products from children of the atomic 

bomb survivors in Japan and found three mutations that altered 

electrophoretic mobility and could not be contributed to misparentage. 

Three mutations were also found in 466,881 protein locus tests of the 

control (unexposed) group, indicating that the mutation rate at protein-

coding loci in atomic bomb survivors does not differ from the spontaneous 

mutation rate (summarized in Neel et al. 1988). These results are 

supported at the DNA level by studies which indicate that mutation rates in 
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hypervariable minisatellites do not differ between controls and children of 

atomic bomb survivors (Kodaira et al. 1995). 

The vast data sets available on the survivors of the Japanese atomic 

bombings may not accurately reflect the mutation rate of animals living near 

Chernobyl for a number of reasons. First and foremost, atomic bomb 

survivors were evacuated almost immediately and thus received only limited 

acute doses of radiation, whereas the environment surrounding Chernobyl 

has chronically exposed resident organisms for the past 11 years. 

Secondly, almost ten times as much radiation was released at Chernobyl 

than in Japan. Finally, the most prevalent radioisotopes at Chernobyl have 

much longer half-lives than those produced by the atomic bombs 

(Medvedev 1991). 

Chernobvl-exposed humans 

Recently, international studies on the human effects of the Chernobyl 

meltdown have shown that the genetic risk to exposed human populations 

has been marginal (Gopinath 1994) but detectable using modern genetic 

techniques. Stephan and Oestreicher (1989) found higher rates of 

chromosome aberrations (i .e. , dicentrics, acentrics, and centric rings) in 

German workers who were near Chernobyl during and after the reactor 

explosion. However, studies of human lymphocytes have shown that 

acute, low dose (0.4 rad) X-irradiation actually decrease the incidence of 

chromosomal aberrations (Pohl-Ruling et al. 1983). The authors suggest 

that these results can be explained by enhanced DNA repair mechanisms. 

Studies also indicate that human lymphocytes exposed to low level 

irradiation can become less sensitive to the chromosome-breaking effects of 
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subsequent high levels of irradiation, i .e. , they become acclimated 

(Sankaranarayanan et al. 1989). The concept that cells in vivo can 

acclimate to radiation has intriguing evolutionary implications. 

Dubrova et al. (1996) found an elevated mutation rate in humans 

living in Belarus (north of Reactor 4) using both single-locus and multi-

locus minisatellite probes. They studied mutation rates at minisatellite loci 

in humans living in regions that were heavily polluted from the Chernobyl 

explosion. Results indicate that human mutation rates in radioactive areas 

were twice as high as for the control groups from the United Kingdom. In 

13 7 

addition, mutation rates were found to correspond with levels of cesium 

surface contamination, implying that radiation induced the germline 

mutations. Dubrova et al. (1996) conclude that, since minisatellite 

mutations are initiated by double-strand breaks, the observed increase in 

mutation rate would require some 6,000 extra double-strand breaks per 

gamete. Sugg et al. (1996) studied the incidence of nuclear DNA strand 

breaks as related to the level of radiocesium contamination in catfish from 

Chernobyl, and found that catfish from Chernobyl exhibit more DNA strand 

breaks than do controls. However, 6,000 double-strand breaks per gamete 

is such an elevated number that Dubrova et al, (1996) suggest that the 

increased mutation rate is not caused by minisatellite-specific events (e.g. , 

double-strand breaks) but by radiation damage elsewhere in the genome, 

possibly in protein-coding genes. 

A similar DNA fingerprinting study (Kodaira et al. 1995) in families 

of atomic-bomb survivors failed to show any evidence for elevated 

mutation rates when compared to reference populations. Cumulatively, 

these studies suggest that humans exposed to high-levels of acute radiation 

BBBS 
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(Stephan and Oestreicher 1989) and low-levels of chronic radiation 

(Dubrova et. 1996) resulting from the Chernobyl disaster have both 

undergone genetic changes, in sharp contrast to the data available on atomic 

bomb survivors. 

Non-human studies 

Rapid rates of evolution should be more readily detectable in rodents 

or fruit flies than in humans, because their mutation rate per unit time is 

thought to differ by almost an order of magnitude due to the differences in 

generation time (Goodman et al. 1971; Li and Tanimura 1987). Long-term 

studies (fifteen years/600 generations) of captive Drosophila populations 

indicate that some mechanism(s) exists for the evolutionary adjustment of 

mutation rates to irradiation levels (Nothel 1987). Nothel (1987) suggests 

that "the evolutionary relevance of this conclusion is that mutation rates are 

not constant for a species, but that the amount of genetic variability arising 

by mutations.. . is itself controlled by selective forces" (p. 1046). Nothel 

observed that in the early history of each of his populations, progeny 

numbers were drastically reduced but soon recovered in subsequent 

generations to the carrying capacity of the environment. 

Ross (1986) studied the effects of an artificial radiation source on 

allele frequency dynamics in wild meadow vole populations using protein 

electrophoresis. He compared allozyme frequencies between populations of 

irradiated and unirradiated populations, and concluded that the treatment 

had no measurable effects on the genetic structure of the population. 

However, unlike the Chernobyl disaster, no radiation was released into the 

environment. The animals in his study accumulated no radiation dose 
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through the food chain, water, or the atmosphere; they received only 

external exposure from the artificial source. Additionally, only two 

allozyme loci (transferrin and leucine aminopeptidase) were used for 

technical reasons. A more extensive survey of genetic characters would 

certainly enhance the implications of these results. 

In a series of studies, Cristaldi and co-workers (Cristaldi et al. 

1989, 1990, 1991) have shown there is a positive correlation between the 

increase of micronucleated polychromatic erythrocytes and both ^^TQ^ 

content in muscle of bank voles and in soil contamination due to Chernobyl 

fallout. While micronucleated polychromatic erythrocytes are associated 

with genetic damage, they tell us little about the molecular effects of 

radiation except that chromosome breakage is occurring. As such, these 

studies demonstrate that there is a propensity for molecular change, but 

they give no indication about rates of evolution. Because little is known 

about the chronic effects of ionizing radiation on the DNA of living 

organisms in their natural environment, the disaster in the Ukraine provides 

a unique opportunity to gather empirical data on both genetic variation and 

molecular evolution and therefore build on the work of Cristaldi et al. 

Rodents in particular should prove to be an excellent mammalian model. 

Dr. Robert J. Baker's laboratory at Texas Tech University has 

studied chromosomal evolution in rodents from Chernobyl (Baker et al. 

1996a) and DNA sequence variation in the mitochondrial cytochrome b gene 

(Baker et al. 1996b). Chromosomal analysis has not documented gross 

chromosomal rearrangements in Microtus, but research in this area 

continues using in situ hybridization and species-specific cosmid probes. 

Chromosomal abberations have been noted in Cleithrionomvs (Goncharova 
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and Ryabokon 1995). The cytochrome b data set of Baker et al. (1996b) 

has since been partially retracted, and there is little concrete evidence for a 

highly elevated mutation rate at the nucleotide level in mtDNA. However, 

the studies of Dubrova et al. (1996) provide compelling evidence that 

mutations are occurring in one generation of humans that, as a lineage, 

have not received doses even remotely comparable to animals living inside 

the zone (Chesser et al. in litt). Thus, the likelihood of genetic damage in 

rodents appears to be great. 

Hypotheses 

The Chernobyl disaster offers a unique opportunity to study the 

biological effects of pollution on resident mammals. Specifically, there are 

three hypotheses that can be tested using nuclear genetic data. First, are 

levels of genetic diversity (number of alleles per locus) similar in zone and 

control populations? Second, is the occurrence of rare or private alleles 

more common in zone populations? Third, do allele frequencies at 

individual loci differ among populations? Each question effectively serves 

as a null hypothesis, e.g., that there are no differences between zone and 

control populations. If the contaminated environment near Chernobyl is 

affecting resident populations, there should be differences in some or all of 

these parameters. Each of the three questions listed above will be 

addressed using both protein and DNA data. 
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CHAPTER II 

ALLOZYME VARIATION IN CHERNOBYL MICROTUS 

Introduction 

Dubrova et al. (1996) have shown that humans exposed to 

radioactive fallout from Chernobyl have a higher mutation rate in 

minisatellite DNA than do control groups. A logical extension of this work 

on non-coding DNA is to assess the impact of the Chernobyl disaster on 

protein-coding genes of resident animals. The technique of protein 

electrophoresis involves separation of proteins in a gel matrix and 

histochemical staining; electrophoretic variants (allozymes) are 

distinguished by differing rates of protein mobility (Selander et al. 1971). 

Electrophoretic variants differ in electrical charge, size, and/or shape due 

to differences in the DNA sequence which code for the protein. Protein 

electrophoresis is a powerful technique for assessing genetic differences 

between individuals, populations, subspecies, and species and is the most 

cost-effective technique available for surveying large numbers of 

individuals for nuclear-encoded proteins. 

Materials and Methods 

Sampling procedure 

Approximately 180 voles of three species {Microtus arvalis, M. 

rossiaemeridionalis, and M. oeconomus) were captured in May of 1995 

from four different polluted sites near Chernobyl and from four control 

sites to the south of the reactor (Figure 2). Resident ("zone") voles were 
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Figure 2. Map of specific collecting locales 
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live trapped from four highly radioactive sites within 10 km of the reactor; 

these animals commonly emitted over ten thousand counts per minute as 

measured by a hand-held Geiger counter. The most radioactive of the four 

zone populations, Gluboyke Lake, was approximately eight km north of the 

other three zone populations and isolated by the Pripayt River. Control 

animals were collected from five sites southeast of the 30 km exclusion 

zone. Kiev Reservoir separates two of the control populations from the 

other three (Figure 2). This sampling scheme should reduce the probability 

of bias that might arise from a single population that could have arisen 

through genetic drift via a founder effect. 

Species designations were made based upon karyology (Baker et al. 

1996a) and habitat; M. oeconomus is found in moist, marshy environments 

and has a diploid number of 30. M. arvalis (2n=46) and M. 

rossiaemeridionalis (2n=54) are distinguishable by karyotype only and are 

sympatric in upland grasslands. Detailed maps, descriptions of collecting 

locales, and collecting procedures are described in Baker et al. (1996a). 

Upon dissection, liver, spleen, kidney, and heart tissues were frozen 

immediately in liquid nitrogen until transported back to the laboratory 

where they were transferred to an ultracold freezer. Voucher specimens 

and tissues are catalogued in The Museum, Texas Tech University 

Genotyping 

Electrophoresis methodology followed standard protocols (Selander 

et al. 1971) and results were scored blind with respect to geographic 

origin and species identity: each individual was processed in the same 

manner. Different tissue types ( i .e . , liver, heart, and kidney) were ground 
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on ice in a dithiothreitol buffer (0.25M sucrose, O.OIM Tris, 0.006M 

DTT), briefly centrifuged to separate the supernatant, and transferred to 

cotton wicks (Selander et al. 1972). The wicks then were placed in 12% 

starch gels composed of varying buffer types and electrophoresed overnight 

at 4° C. Gels were horizontally sliced and histochemically stained for a 

variety of different loci (Table 1). Up to thirty allozyme loci were assayed: 

sixteen were polymorphic in M. arvalis, while 13 were polymorphic in the 

other two species. Subsets of animals, including those caught and 

processed on different collecting trips, dates, and locales were re-run in 

blind tests at later dates by different scientists to verify scoring. All gels 

were photographed and genotypic interpretations followed Harris and 

Hopkinson (1976). Polymorphic loci for each species are listed in Table 1. 

Data analysis 

Allozyme data were analyzed using two methods. Populations were 

first separated into two groups, zone and control. F-statistics (Wright 

1951) were computed and then used in a computer program that randomizes 

the data and generates multiple pseudopopulations (e.g., bootstrapping) 

and calculates Fjs, Fix, and FST for each and compares them to the original 

experimental values. The bootstrap results are presented in Table 2. 

The second sampling method entailed analysis of each species by 

actual trapping location, i .e., there were multiple populations both within 

and outside the 10 k zone. F-statistics were again calculated, and Wagner 

trees were constructed via BIOSYS (Swofford and Selander 1981). Once 

again, the randomization program was utilized to generate F-statistics based 

upon the pseudopopulations. In order to determine if the subpopulations 
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within both the control and zone regions clustered together to the exclusion 

of the other, I utilized the heuristic algorithm of PAUP 3. 1 (Swofford 

1990) to search for the most parsimonious tree while constraining the trees 

so that each population within a species was considered an OTU. 

Demographic factors were partitioned from genetic factors by using a 

Mantel test to test for correlations between genetic distance, geographic 

distance, and whether the population was from the zone or control locales. 

A different randomization program (Y.D. DeWoody, unpublished) 

was used to determine if the number of unique alleles and if the overall 

allelic diversity differed between zone and control populations. The 

normalized number of alleles was calculated across all loci for zone and 

control populations, and these numbers were used in the randomization 

program to create two new pseudopopulations whose size was an average 

of the zone and control populations. Five thousand iterations created a 

distribution from which p values were computed. The number of unique 

alleles in zone and control populations was analyzed in the same manner. 

Results and Discussion 

The analysis did not reveal a more frequent occurrence of unique (or 

private) alleles at allozyme loci in M. arvalis or M. rossiaemeridionalis 

(/7=0.27 and/7=0.23 respectively) collected from the radioactive zone. M. 

oeconomus, on the other hand, had significantly (/?=0.03) more unique 

alleles in zone populations (7;n=26) than did control populations (1 ; n=14), 

but control population sample sizes were small. Overall, unique mutations 

at the nuclear DNA level were not evident at the protein level in this data 
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set (p=0.60 for all species). Genetic diversity (number of alleles per locus 

across polymorphic loci) did not significantly differ between zone and 

control animals in all three species (p=0.31, p=0. 11, and p=0. 14 

respectively; p=0.16 for all species). Although the types and amounts of 

radiation at Chernobyl differ from those experienced by survivors of the 

Japanese atomic bombs, these results are consistent with those allozyme 

studies (Neel and Schull 1991). Neel and colleagues (Neel et al. 1980: 

Neel et al. 1988) examined more than 500,000 protein-locus products from 

children of atomic bomb survivors and found only three mutations: this 

mutation rate did not differ statistically from control populations and was 

not correlated with radiation exposure (Schull et al. 1981). 

The pooled data from each locus initially were analyzed via 

BIOSYS (Swofford and Selander 1981) using two different sampling 

schemes. First, each species was divided into two populations, zone 

and control. F-statistics (Fjs, Fix, and Fsx) were computed and then 

used in a computer program (R.K. Chesser, unpublished) that 

randomizes the data and generates multiple pseudopopulations and 

calculates F-statistics for each and compares them to the original 

experimental values (e .g. , bootstrapping). Pseudopopulations were 

generated both with and without replacement for all three species. In 

all cases, no pseudopopulation was randomly created that exhibited 

F-statistics as deviant as the empirical data suggest. These F-

statistics were compared to those calculated by the randomization 

15 
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WAGNER tree for Microtus arvalis produced by rooting at midpoint 
of longest path. 
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WAGNER tree for Microtus rosslaemerid'tonaris produced by rooting at midpoint 
of longest path. 
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Figure 3. Wagner trees of the allozyme data, rooted at the midpoint. 
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Table 1. Polymorphic loci, buffer type, and average observed heterozygosities in 
three species of voles from the Ukraine. 

Af. arvalis 
(nt=67) 

Locus 

AAT-1 

AAT-2 

ACON-2 

ADA-1 

CK-1 

IDDH-1 

ICD-1 

LDH-1 

LDH-2 

MDH-2 

MPI-1 

Pep-lgg-1 

Pep-lgg-2 

6-PGD 

SOD-1 

CAT-1 

M. rossi 
(nt=70) 

Locus 

AAT-1 

ACON-1 

ACON-2 

ADA-1 

CK-1 

IDDH-1 

ICD-1 

MPI-1 

Pep-lgg-1 

PGM-1 

SOD-1 

SOD-2 

CAT-1 

M. rossiaemeridionalis M. oeconomus 
(nt=41) 

Locus 

ACON-2 

ADA-1 

CK-1 

IDDH-1 

ICD-1 

LDH-1 

MODI 

MPI-1 

Pep-lgg-2 

6-PGD 

SOD-1 

SOD-2 

CAT-1 

Buffer/Gel 

TC8.0 

TC8.0 

AC 6.1 

AC 6.1 

TM7.4 

Ridgway 8.5 

AC 6.1 

AC 6.1 

TM7.4 

AC 6.1 

TM7.4 

TM7-4 

TM7.4 

TM7.4 

TM7.4 

TM7.4 

TC8.0 
7 

7 

Control=17.oyo 

Zone=13.0% 

Total=15.2% 

Control=11.4% 

Zone=10.6% 

Total=ll.l% 

Control=5.8yo 

Zone=8.9% 

Total=7.8% 
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Table 2. F-statistics from grouped zone versus control populations and from 5000 
bootstrap iterations with replacement. 

FST FIS FIT 

M. arvalis 

Bootstrap mean 
Bootstrap high 
Experimental 

M. rossiaemeridionalis 

Bootstrap mean 
Bootstrap high 
Experimental 

M. oeconomus 

Bootstrap mean 
Bootstrap high 
Experimental 

0.0074 
0.0310 
0.0730 

0.0202 
0.0767 
0.1360 

0.0253 
0.0797 
0.1990 

0.0081 
0.0422 
0.1670 

-0.1107 
0.0781 
0.0790 

0.0350 
0.0828 
0.2330 

0.0110 
0.0787 
0.1740 

0.1333 
0.1959 
0.3910 

0.0110 
0.2016 
0.4970 
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Table 3. F-statistics averaged across both zone and control collecting locales and 
from 5000 bootstrap iterations with replacement. 

'sT Fis FIX 

M. arvalis 

Bootstrap mean 0.0755 -0.0496 0.0223 
Bootstrap high 0.1665 0.0553 0.0880 
Experimental 0.1770 0.0010 0.1770 

M. rossiaemeridionalis 

Bootstrap mean 
Bootstrap high 
Experimental 

0.0817 
0.3163 
0.3110 

-0.2913 
0.0712 
0.0300 

0.0051 
0.1056 
0.2900 

M. oeconomus 

Bootstrap mean 
Bootstrap high 
Experimental 

0.1112 
0.2173 
0.3950 

0.0726 
0.1736 
0.1340 

0.1300 
0.2221 
0.4760 
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program on the 5000 pseudopopulations that it generated. Bootstrap 

results are presented in Tables 2 and 3. In the control versus zone scheme. 

F-statistics were statistically significant for each species at the p<.01 level. 

More precisely, in all three species 5000 bootstrap iterations failed to 

generate a single Fjs, Fjx, or Fsx value as deviant as empirical values. For 

example, the Fsx value for M. arvalis was 0.073 and the maximum Fsx 

generated by the bootstrapping was 0.0274 with a mean of 0.0076. These 

data suggest that there is significant population subdivision between the 

zone and control populations that is not due to isolation by distance. 

The second sampling method entailed analysis of each species by 

actual trapping location, i .e. , there were multiple populations both within 

and outside the 10 k zone. F-statistics were again calculated, and Wagner 

trees were constructed. The trees generated grouped zone populations 

together in one clade and control populations in another (Figure 3), 

suggesting that genetic differences between the two may indeed exist. 

Once again, results from the randomization program suggested that the data 

collected are not likely to be a result of random sampling error (p<0.01). 

The maximum Fix and Fsx values generated by 5000 bootstrap iterations 

(again, with and without replacement) were not as high as those calculated 

for the data. Fjs values were not quite significant in M. arvalis (p=0.056 

without replacement and/7=0.11 with replacement). M. rossiaemeridionalis 

populations had significant Fis values with both sampling schemes 

(/7<0.05) as did M. oeconomus. 
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Table 4. Polymorphic allozyme loci, allele frequencies, and 
heterozygosities in Microtus arvalis from the Ukraine. Chis 
(Chistogolvka), Glub (Gluboyke Lake), Orch (Orchard), and Red 
(Red Forest) are all radioactive-zone collecting locales. Burn 
(Burning Field), Shop, WT (White Tree), and ZMys (Zeleny Mys) 
are control sites. 

ZONE 
Chis Glub Orch Red Burn 

CONTROL 
Shop WT ZMvs 

AAT-
(N) 
A 
B 
C . 

15 11 2 7 3 10 8 9 
0.967 1.000 1.000 1.000 1.000 1.000 0.938 1.000 
0.000 0.000 0.000 0.000 0.000 0.000 0.063 0.000 
0.033 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

AAT 
(N) 
A 
B 

15 11 2 7 3 10 
1.000 1.000 1.000 0.929 1.000 .950 
0.000 0.000 0.000 0.071 0.000 .050 

8 9 
1.000 1.000 
0.000 0.000 

ACON-2 
(N) 
A 
B 

15 11 2 7 3 10 8 9 
0.967 0.955 1.000 1.000 0.667 1.000 1.000 0.944 
0.033 0.045 0.000 0.000 0.333 0.000 0.000 0.056 

ADA-1 
(N) 
A 
B 
C 
D 
E 

15 11 2 7 3 10 8 9 
0.600 0.500 0.750 0.214 0.667 0.500 0.375 0.500 
0.000 0.045 0.000 0.000 0.000 0.150 0.125 0.000 
0.000 0.227 0.000 0.071 0.000 0.000 0.000 0.222 
0.300 0.227 0.250 0.643 0.333 0.350 0.500 0.278 
0.100 0.000 0.000 0.071 0.000 0.000 0.000 0.000 

CAT 
(N) 
A 
B 

1 
15 11 2 7 3 9 8 9 
0.133 0.091 0.250 0.429 0.167 0.167 0.125 0.500 
0.867 0.909 0.750 0.571 0.833 0.833 0.875 0.500 

CK-
(N) 
A 
B 

1 
15 11 2 7 3 7 8 9 
1 000 1.000 0.500 0.857 1.000 1.000 1.000 0.778 
0 000 0.000 0.500 0.143 0.000 0.000 0.000 0.222 

ICD 
(N) 
A 
B 
C 

15 11 2 7 3 9 8 9 
0.033 0.000 0.000 0 .0710.667 0.389 0.938 0.889 
0.967 1.000 1.000 0.929 0.333 0.556 0.063 0.111 
0.000 0.000 0.000 0.000 0.000 0.056 0.000 0.000 
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Table 4. Continued. 

IDDH 
(N) 
A 
B 

LDH-1 
(N) 
A 
B 

LDH-2 
(N). 
A 
B 

MDH-2 
(N) 
A 
B 

MPI-1 
(N) 
A 
B 
C 
D 

PEP-lgg-1 
(N) 
A 
B 
C 
D 
E 

PEP-lgg-2 
(N) 
A 
B 

6-PGD 
(N) 
A 
B 
C 

ZONE CONTROL 
Chis Glub Orch Red Burn Shoo WT ZMvs 

' ' • ' " ' 1 • •• — — 1 ST • • • — " 1 - . — • - • . . ^ . 

15 11 2 7 3 10 8 9 
0 .8000.818 1 000 1.000 1.000 1.000 1.000 1.000 
0.200 0.182 0.000 0.000 0.000 0.000 0.000 1.000 

15 11 2 7 3 10 8 9 
0 .9000 .909 1.000 1.0000.833 0 .8500.875 1.000 
0.100 0.091 0.000 0.000 0.167 0.150 0.125 0.000 

15 11 2 7 3 10 8 9 
1.000 1.000 1.000 1.000 1.000 1.000 0.938 1.000 
0.000 0.000 0.000 0.000 0.000 0.000 0.063 0.000 

15 11 2 7 3 10 8 9 
1.000 1.000 1.000 1.000 1.000 1.000 0.938 0.000 
0.000 0.000 0.000 0.000 0.000 0.000 0.063 0.000 

15 11 2 7 3 10 8 9 
0.367 0.636 0.500 0.286 0.333 0.500 0.813 0.444 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.056 
0.633 0.364 0.000 0.500 0.333 0.450 0.188 0.389 
0.000 0.000 0.500 0.214 0.333 0.050 0.000 0.111 

15 11 2 7 3 10 7 9 
0.400 0.318 0.500 0.286 0.167 0.250 0.429 0.333 
0.567 0.682 0.500 0.500 0.833 0.750 0.571 0.611 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.056 
0.000 0.000 0.000 0.214 0.000 0.000 0.000 0.000 
0.033 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

14 11 2 7 3 10 8 9 
1.000 1.000 1.000 1.000 0.833 0.950 1.000 0.944 
0.000 0.000 0.000 0.000 0.167 0.050 0.000 0.056 

15 11 2 7 3 7 7 9 
0.033 0. 136 0.250 0.214 0.167 0.214 0.286 0.111 
0.867 0.682 0.250 0.714 0.333 0.429 0.714 0.556 
0. 100 0. 182 0.500 0.071 0.500 0.357 0.000 0.333 
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Table 4. Continued. 

ZONE CONTROL 
Chis Glub Orch Red Burn Shop WT ZMvs 

SOD-1 
(N) 
A 
B 

14 11 2 6 3 8 8 9 
0.071 0.227 0.250 0.500 0.167 0.438 0.063 0.167 
0.929 0.773 0.750 0.500 0.833 0.563 0.938 0.833 

Average observed heterozygosity in control populations = 17. 8% 

Average observed heterozygosity in zone populations=13.0% 

Total (zone and control)=15.2% 

Number of alleles in controls=38 

Number of unique alleles in controls=7 

Numer of alleles in zone=36 

Number of unique alleles in zone=5 
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Table 5. Polymorphic allozyme loci, allele frequencies, and 
heterozygosities in Microtus rossiaemeridionalis from the Ukraine. 
Chis (Chistogolvka), Orch (Orchard), and Red (Red Forest) are all 
radioactive-zone collecting locales. Cntl (Control), Shop, Tank, and 
W. Zel. (West Zeleny Mys) are control sites. 

ZONE CONTROL 
Chis Orch Red Cntl Shop Tank W. Zel. 

AAT-1 
(N) 3 13 7 3 3 12 27 
A 1.000 1.000 1.000 1.0000.833 1 0 0 0 1.000 
B 0.000 0.000 0.000 0.000 0.167 0.000 0.000 

ACON-1 
(N) 3 13 7 3 3 12 27 
A . 1.000 1.000 1.000 1.000 1.000 1.000 0.981 
B 0.000 0.000 0.000 0.000 0.000 0.000 0.019 

ACON-2 
(N) 3 13 7 3 3 12 27 
A 1.0000.731 0.786 1.000 0.500 0.833 0.815 
B 0.000 0.154 0.000 0.000 0.500 0.167 0.185 
C 0.000 0.115 0.214 0.000 0.000 0.000 0.000 

ADA-1 
(N) 2 14 7 3 3 12 27 
A 1.000 0.607 0.714 0.333 0.667 0.542 0.741 
B 0.000 0.000 0.000 0.000 0.000 0.000 0.019 
C 0.000 0.000 0.000 0.000 0.000 0.125 0.019 
D 0.000 0.393 0.286 0.667 0.333 0.333 0.222 

CAT-1 
(N) 3 14 7 3 3 11 26 
A 0.500 0.750 0.857 0.667 0.833 0.818 0.615 
B 0.500 0.250 0.143 0.333 0.167 0.182 0.385 

CK-1 
(N) 3 14 7 3 3 12 27 
A 0.333 0.000 0.000 0.000 0.000 0.000 0.000 
B 0.667 1.000 1.000 1.000 1.000 1.000 1.000 

ICD-1 
(N) 3 13 7 3 3 10 27 
A 0.000 0.000 0.000 1.000 0.833 1.000 0.944 
B 1.000 1.000 1.000 0.000 0.167 0.000 0.056 

IDDH 
(N) 3 14 7 3 3 11 27 
A 0.667 1.000 1.000 1.000 1.000 0.727 0.963 
B 0.333 0.000 0.000 0.000 0.000 0.273 0.037 
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Table 5. Continued. 

MPI-1 
(N) 
A 
B 
C 
D 

PGM-1 
(N) 
A 
B 

PEP-lgg-1 
(N) 
A 
B 
C 

SOD-1 
(N) 
A 
B 

SOD-2 
(N) 
A 
B 

ZONE CONTROL 
Chis Orch Red Cntl Shop Tank W. Zel. 

3 14 7 3 3 12 27 
1-0000.964 1.0000.667 0.500 1.0000.907 
0.000 0.036 0.000 0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.333 0.167 0.000 0.093 
0.000 0.000 0.000 0.000 0.333 0.000 0.000 

3 14 7 3 3 12 27 
1.000 1.000 1.000 1.000 0.833 1.000 1.000 
0.000 0.000 0.000 0.000 0.167 0.000 0.000 

3 14 7 3 3 12 27 
0.333 0.536 0.643 0.333 0.167 0.625 0.407 
0.000 0.036 0.071 0.000 0.333 0.000 0.000 
0.667 0.429 0.286 0.667 0.500 0.375 0.593 

3 13 7 3 3 10 27 
0.000 0.385 0.929 0.833 0.667 0.050 0.222 
1.000 0.615 0.071 0.167 0.333 0.950 0.778 

3 14 7 3 3 11 27 
0.000 0.000 0.000 0.000 0.000 0.000 0.019 
1.000 1.000 1.000 1.000 1.000 1 000 0.981 

Average observed heterozygosity in control populations = l 1.4% 

Average observed heterozygosity in zone populations = 10.6% 

Total (zone and con t ro l )= l l . 1% 

Number of alleles in control=29 

Number of unique alleles in control=9 

Number of alleles in zone=23 

Number of unique alleles in zone=3 
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Table 6. Polymorphic allozyme loci, allele frequencies, and 
heterozygosities in Microtus oeconomus from the Ukraine. Chis 
(Chistogolvka), End (Enclosure), and Glub (Gluboyke Lake)) are all 
radioactive-zone collecting locales. Burn (Burning Field) and Shop 
are control sites. 

ZONE CONTROL 
Chis End Glub Burn Shop 

ACON-2 
(N) 6 1 18 1 12 
A 0.917 1.0000.944 1.0000.875 
B 0.000 0.000 0.028 0.000 0.000 
C 0.083 0.000 0.028 0.000 0.083 
D 0.000 0.000 0.0000.000 0.042 

ADA-1 
(N) 6 2 17 1 9 
A 0.750 0.500 0.750 0.500 0.917 
B 0.000 0.000 0.111 0.000 0.000 
C 0.250 0.500 0.139 0.500 0.083 

CAT-1 
(N) 6 2 18 1 13 
A 0.083 0.500 0.028 1.000 0.192 
B 0.917 0.500 0.972 0.000 0.808 

CK-1 
(N) 6 2 17 1 9 
A 0.333 0.000 0.000 0.000 0.111 
B 0.667 1-000 1.000 1.000 0.889 

IDDH 
(N) 6 2 18 1 11 
A 0.500 0.000 0.333 0.000 0.000 
B 0.000 0.000 0.056 0.000 0.000 
C 0.500 1.0000.611 1.000 1.000 

LDH-1 
(N) 6 2 18 1 13 
A 0.917 1.000 1.000 0.000 1.000 
B 0.083 0.000 0.000 1.000 0.000 

M O D I 
(N) 6 2 18 1 13 
A 0.333 0.000 0.000 0.000 0.077 
B 0.667 1.000 1.000 1.000 0.923 
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Table 6. Continued. 

ZONE CONTROL 
Chis End Glub Burn Shop 

MPI-1 
(N) 6 2 18 1 13 
A 0.667 1.000 0.889 1.000 0.923 
B 0.167 0.000 0.083 0.000 0.077 
C 0.167 0.000 0.000 0.000 0.000 
D 0.000 0.000 0.028 0.000 0.000 

PEP-lgg-2 
(N) 6 2 18 1 13 
A 0.333 0.000 0.028 0.000 0.038 
B 0.667 1.000 0.972 1.000 0.962 

6-PGD 
(N) 6 2 18 1 11 
A 0.167 0.500 0.333 0.000 0.136 
B 0.250 0.000 0.000 0.000 0.000 
C 0.583 0.500 0.667 1.000 0.864 

SOD-1 
(N) 6 2 18 1 12 
A 0.333 0.000 0.222 0.000 0.292 
B 0.667 1.000 0.778 1.000 0.708 

SOD-2 
(N) 6 2 18 1 13 
A 1.000 1.000 0.944 1.000 1.000 
B 0.000 0.000 0.056 0.000 0.000 

Average observed heterozygosity in control populations=5.89f 

Average observed heterozygosity in zone populations=8.9% 

Total (zone and control)=7-8% 

Number of alleles in control=23 

Number of unique alleles in control=l 

Number of alleles in zone=30 

Number of unique alleles in zone=7 
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Figure 4. Electrophoretic mobility differences of isocitrate 
dehydrogenase-1 in control animals and in Chernobyl animals 
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The next approach was to generate trees of the individual 

populations to try and determine if the zone populations were 

genetically more similar to each other than to a control population(s). 

BIOSYS-generated Wagner trees rooted at the midpoint of the longest path 

grouped the zone populations together in one clade and control populations 

in another (Figure 3), further suggesting that genetic differences between 

the two exist. The 90% majority-rule consensus tree calculated by PAUP 

(Swofford 1991), when rooted at the midpoint, also groups zone 

populations into one clade and control populations into another. 

Inspection of allele frequencies for individual loci (Tables 4-6) 

indicates that the NADP+-dependent cytosolic form of isocitrate 

dehydrogenase-1 (ICD-I; Enzyme Commission number 1.1.1.42) is 

responsible for a large proportion of the total genetic variance between 

zone and control populations. ICD-I shows dramatic differences in the 

frequency of the most common allele between zone and control populations 

One allele, "A", appears to be identical in each species (Figure 4). ICD-1 

"A" has frequencies of 0.72 (n=29) in M. arvalis, 0.95 (n=43) in M. 

rossiaemeridionalis, and 0.93 (n=14) in M. oeconomus of control 

populations. In contrast, the same allele has an observed frequency of 

0.03 (n=35), 0.00 (n=23), and 0.02 (n=25) in the zone populations of the 

respective species. Even if the electromorphs in question are not identical 

in the three different species, this does not explain how alternate alleles 

predominate in zone and control populations in each species. 

Review of the collecting locales (Baker et al. 1996a) (Figure 2) 

indicates that one of the zone populations, Gluboyke Lake, is across the 
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Pripyat River from the other three zone collecting regions. The Pripyat 

River acts as a potential barrier to gene flow for small mammals in the zone 

(Baker et al. 1996a), implying that if the altered allele frequencies have 

resulted from a single bottleneck in each species, the same bottlenecks 

occurred independently in Gluboyke Lake and in the other three zone 

populations three separate times. More importantly, the allele frequency 

shift occurs in all three species in favor of an allele (that from an 

electrophoretic perspective is indistinguishable among the three species) 

that is otherwise rare for samples of all three species in control regions. 

Since genetic drift is random, it is highly unlikely that the same uncommon 

allele was fixed in each of three species in at least three locations (Figure 

2) due to chance alone. 10,000 bootstrap iterations on the allele frequency 

data on all three species at ICD-I failed to produce a single event as 

deviant as that observed in the empirical data. In fact, 10.000 bootstrap 

iterations were performed on the data from each species independently and 

the allele frequency differences were significant in each species. These 

findings essentially rule out random chance (drift) as an explanation for the 

variance observed in the empirical data. 

High levels of directional mutation from the "A" allele to the "B" 

allele could produce a similar allele frequency pattern, but the mutation rate 

required to produce this change is great. The change in the frequency of an 

allele at a single locus due to mutation is: 

Ap = vq - up 

where/? is the frequency of the "A" allele, q is the frequency of the "B" 
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allele, v is the mutation rate from "B" to "A", and u is the rate of mutation 

from "A" to "B' Assume that there have been approximately 40 

generations since the accident (a highly conservative estimate of ~4 per 

year), and a reverse mutation rate v of 2 x 10-5 per generation. If we 

assume that the frequency of the "A" allele in zone populations before the 

disaster was the same as it now in the control regions (-0.85), and the 

frequency is now 0. 15, then Ap becomes -0.7. Because we have been 

through 40 generations, we must divide -0.7 by 40 to obtain the change in 

allele frequency per generation. Substituting these values into equation 1. 

we find that: 

- 0 . 0 1 7 5 = [ (2 X 1 0 0 X ( 0 . 1 5 ) ] - 1/(0.85) 

u = 2 . 0 6 X 102 

This value would indicate that one out of every fifty alleles in the 

population would mutate every generation. This mutation rate, if correct, 

is several orders of magnitude greater than the so-called spontaneous 

mutation rate in the typical mammalian genome. This rate seems unlikely 

as none of the other loci studied exhibited similar frequency shifts. If an 

elevated mutation rate accounts for the shift at ICD-1, then it is unclear 

why alleles at ICD-I mutate at a rate higher than that of other nuclear 

genes. 

The most likely explanation for the allele frequency shift at lCD-1 

between zone and control populations appears to be natural selection. ICD 

7 is a catalytic enzyme that produces NADPH+ for metabolism and converts 
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isocitrate into glutamic acid via an acidic intermediate. It has been 

suggested to us that an alternative form of ICD-1 that produces an excess 

of NADPH could convey a selective advantage, since the free-oxygen 

radicals produced by ionizing radiation are thought to scavenge NADPH (T. 

Dean and C. Orsor, pers. comm.). At this point, no definitive biochemical 

mechanism for such selection is available. However, it is known that 

shifts in allele frequency can be due to physiological selective pressures 

that vary between one environment and another (Karl and Avise 1992; 

Taylor et al. 1995). Hilbish and Koehn (1985) have shown that an allele 

frequency d ine at the LAP locus in Mylitus edulis is due to selection 

against the LAP^"^ allele in areas of lower salt concentration (estuaries). 

The LAP d i n e occurs over approximately 30 kilometers, a distance similar 

to that between Chernobyl and control populations of Microtus. 

It is possible that selection is not acting directly on the ICD-1 locus, 

but rather on a closely linked locus, such an explanation requires that such 

linkage groups are conserved among the three species, and that particular 

linkage relationships with the ICD-1 "A" allele persist across taxa. Thus, 

the linkage aspect seems less likely. Correlations between allele 

frequencies in sympatric species are unlikely in the absence of selection if 

hybridization does not occur (Clarke 1975). There is no evidence from 

karyotypes or other biochemical markers for hybridization between these 

taxa (Baker et al. 1996a), leaving natural selection as the most plausible 

evolutionary force behind this unlikely allele frequency pattern at the ICD-1 

locus. 

The nature of allozyme data prevents conclusions about 

mutation rates in natural populations. Neel and colleagues (1988) 
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were able, through pedigree analysis combined with huge sample 

sizes, to estimate mutation rates from the children of atomic bomb 

survivors. Unfortunately, we do not have pedigree data on the voles 

used in this study. However, even if pedigree data were available, 

one would not expect rates of mutation similar to those found in 

Hiroshima and Nagasaki for at least two reasons. The first is 

generation time difference between humans and rodents (see Chapter 

I). A second reason that different mutation rates would be expected 

is that the rodents themselves have very high levels of internal 

contamination, up to 73,090 Becquerels per gram of tissue (Chesser 

et al. in litt). This internal contamination is no doubt due to the fact 

that these voles live in a highly polluted environment, inhaling and 

ingesting radioactive particles on a daily basis. If ICD-1 is any 

indicator, the voles from Chernobyl are indeed undergoing genetic 

changes in response to the disaster. 
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CHAPTER III 

DNA SEQUENCE VARIATION IN THE p53 GENE 

Introduction to p53 

Allozyme data are informative in studies of nuclear genes, but DNA 

sequencing provides the most detailed, comprehensive genetic data 

available. DNA sequencing will detect variation at synonymous sites (e.g. , 

those that do not cause a change in the amino acid sequence) and 

nonsynonymous sites that cause amino acid replacements. The only method 

to obtain data providing this level of resolution is DNA sequencing. 

I chose the anti-oncogene p53 for my study of nuclear genes. The 

p53 gene encodes a 53 kDalton nuclear phosphoprotein (P53) that is 

involved in tumor suppression. P53 is a tetrameric protein that is 

suspected to be involved in the transcriptional regulation of growth 

inhibitory genes which control apoptosis, or programmed cell death 

(Vogelstein and Kinzler 1992). Soussi et al. (1990) have shown that there 

are five evolutionarily conserved domains in the P53 protein corresponding 

to conserved regions of the p53 gene. These five regions are highly 

conserved across vertebrate taxa, including fish, frog, bird, rodent, and 

human (Soussi et al. 1990). These observations are consistent with the 

hypothesis that P53 acts as a DNA binding protein. The only structural 

difference in the mammalian genes studied to date is that no intron occurs 

between the region of the rat gene corresponding to exons 6 and 7 of the 

mouse and human genes (Hulla and Schneider 1993). 

Lee and Bernstein's (1993) work has shown that transgenic mouse 

cell lineages which contain p53 mutations appear to have increased 

34 



w^ 

resistance to radiation. The implications are that if mutation rates are 

elevated in rodents from Chernobyl, selection may favor different alleles in 

zone and control populations. The evidence of p53 mutations conferring 

radioresistance to mice provides the impetus for the DNA sequencing 

study. In addition, the p53 data will facilitate comparisons between 

mtDNA and nuclear mutation rates (the mtDNA mutaUon rate data, while 

apparently not as high as initially reported in Baker et al. 1996b, still 

supports an elevated rate). Finally, by sequencing both conserved and 

vari-able regions of this nuclear gene, we should be able to compare 

mutation rates between mitochondrial and nuclear genes, as well as gain 

insight into selectional constraints on the protein product. These data will 

also shed light onto the molecular evolution of the gene because the 

sequence is known from a variety of vertebrates. 

A number of missense mutations or deletions in the p53 gene cause 

the loss of form or function of the tetrameric protein, leading to reduced 

levels of transcription of apoptosis genes and subsequent tumor formation. 

Mutations in one of three hotspots results in the binding of monoclonal 

antibodies or the heat shock protein hsp70 to a now-exposed epitope 

(Levine et al. 1991), thereby destroying the functionality of the molecule. 

An important factor to note is that since the p53 protein is a tetramer, a 

mutation in only one copy of the gene greatly reduces the number of 

functional polypeptides in the cell because it increases the concentration of 

hybrid wild-type/mutant proteins. Assuming an equal number of mutant 

and wild-type alleles from which tetramers are formed and assuming a 

random association of alleles, then only 1 in 16 (e.g. , 0.5") tetrameric 

proteins would be composed entirely of the wild-type polypeptides. The 
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problem may be exacerbated by the tendency for different types of 

polypeptides to associate preferentially. Hybrid protein molecules may 

have an altered active site, and consequently be functionally incapable of 

binding to the promoter of the gene they regulate (Vogelstein and Kinzler 

1992). 

The p53 gene has also been postulated to be involved in DNA repair 

(Lane 1992) by arresting cells in the Gi phase of the cell cycle after 

exposure to DNA damaging agents (Kastan et al. 1991a). This may be 

relevant in the study of mammals from Chernobyl, because levels of p5 3 

have been shown to increase after treatment with ionizing radiation (Kastan 

et al. 1991b). Recently, p53 has been implicated in amitotic checkpoint: 

p53-deficient mouse fibroblasts exposed to spindle-formation inhibitors 

underwent multiple rounds of DNA synthesis without cell division, thus 

forming anueploid mutants (Cross et al. 1995). In addition, Lee and 

Bernstein (1993) showed that transgenic mice containing p53 mutations 

have increased resistance to radiation; they hypothesized that either the 

presence of mutant p53 might stimulate the activity of DNA repair enzymes, 

or that the mutant p53 genes might not be able to halt cell cycle progression 

(a so-called radiation death pathway), resulting in increased survival 

response to radiation, but with the accompanying increase in mutation 

frequency and genomic instability. This is particularly fascinating in light 

of evidence suggesting that human lymphocytes exhibit an adaptive 

response when exposed to a source of low-level chronic irradiation: that is. 

they become less sensitive to the chromosome-breaking effects of X-rays 

delivered subsequent to prior exposure to low level irradiation 

(Sankaranarayanan et al. 1989). The relationship between p53 mutations 
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and the adaptive response of lymphocytes is unclear at present, but it seems 

likely that there is a link between the two events. 

One of the reasons that p53 is an enticing molecule for study is the 

fact that the epidemiology of many mutations can be identified (see Harris 

1993 for a review). For example, certain areas of China and Mozambique 

have high levels of liver cancer. DNA sequence analysis has revealed that 

exposure to dietary aflatoxin Bi (common in diets of humans in these two 

countries) is highly correlated with a transversion in the third base of 

codon 249 of p53 from a G:C residue to T:A, leading to a serine 

substitution and an abnormal polypeptide (Bressac et al. 1991: Hsu et al. 

1991). A second example is the fact that exposure to ultraviolet light is 

correlated with transition mutations at dipyrimidine sites (Harris 1993). 

These findings suggest that radiation may well leave a molecular signature 

similar to that of other mutagens. 

I primarily studied Microtus arvalis and M. rossiaemeridionalis for 

the p53 sequencing portion of my research. Both of the available data sets 

(mtDNA and allozymes) on three different species of voles present at 

Chernobyl (Af. arvalis, M. rossiaemeridionalis, and M. oeconomus) 

indicate that M. arvalis has higher levels of variation than do the other two, 

hence my chances of finding sequence variants should have been highest 

with this species. I sequenced a portion (788 bp) of the p53 gene from the 

same 24 animals (10 M. arvalis and 9 M. rossiaemeridionalis) used in the 

cytochrome b study of Baker et a/. (1996b). In addition, I sequenced the 

same region in five individuals that were among the most radioactive 

specimens that have been collected from Chernobyl as indicated by a hand

held Geiger counter. 
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Materials and Methods 

Initial primer design 

I designed a number of PCR primers from a consensus sequence of 

rodent p53 produced by aligning the cDNA sequences from rat, mouse, and 

hamster (Figure 5). That is, the aligned sequences were scanned by eye for 

highly conserved regions that flanked the central portion of the cDNA. 

Primers p53C and p53D are found in domains that are highly conserved 

across these rodent taxa (see Soussi et al. 1990 for characterization of 

conserved vs. variable domains). The other internal primers (p53E, p53F, 

p53G, p53H, and p53I) were designed specifically for Microtus. My 

primers are designed to amplify regions spanning introns in the functional 

gene, since both the mouse (Zakut-Houri et al. 1983) and rat (Hulla 1992) 

genomes have been shown to contain processed p53 pseudogenes. 

Consequently, primers that were exon-specific could easily amplify the 

pseudogene as well as the functional gene. Additionally, I thought intron 

sequences might well be valuable in assessing mutation rates since introns 

evolve more quickly than do coding regions. Primer sequences are found 

in Table 4. A diagram of the region sequenced and corresponding mouse 

exons are shown in Figure 5. 

The p53 fragment between primers p53C and p53D was amplified by 

PCR. In Mus, this region encompasses part of exon 5, intron 5, exon 6, 

intron 6, and part of exon 7. Reactions contained -50 ng of genomic DNA, 

0.25 uM of each primer (p53C and p53D), 200 mM each dNTP, 1.5 mM 

MgClj, 1 unit Taq DNA polymerase, IX reaction buffer, and water to 25 

ul. Thermal profile consisted of 1 minute at 94°C, 30 seconds at 60°C, 
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and 1 minute at 72°C for 32 cycles followed by a 7 minute extension at 

72°C. PCR products were purified using a Qiagen Qiaquick PCR 

purification kit according to the manufacturer's instructions. DNA was 

eluted in 30 ul of water, and 2.5-8 ul of this eluant was used in subsequent 

sequencing reactions. Four sequencing primers were used. p53C. p53D, 

p53E, and p53H. p53C and p53D served as amplification and sequencing 

primers. Initially, a control M. arvalis (TK44790) was sequenced with 

p53C and p53D, and the region of overlap between these primers was used 

to design the internal sequencing primers p53E. p53F, p53G. p53H, and 

p53I. p53F and p53G never worked well as sequencing primers, even after 

multiple attempts with each. p53H and p53I were synthesized at the same 

time; each worked well, but I chose to utilize p53H for the remainder of the 

study. 

DNA sequencing 

Sequencing was performed using ABI's (Perkin-Elmer: Foster City, 

CA) dye terminator cycle sequencing kit according to the manufacturer's 

instructions. All individuals were coded by L. Wiggins in such a manner 

that I had no knowledge of species identity or geographic origin until all 

data was gathered. Reactions were ethanol precipitated, rinsed with 250 ul 

of 70% ethanol, and dried. Reactions were run on an ABI 310 Genetic 

Analyzer at the Biotechnology Core Facility or on an ABI 373 at a 

commercial facility (ACGT, Inc.) . Data was analyzed, edited, and aligned 

using Sequencher (GeneCodes Corp: Ann Arbor. MI). DNA sequences for 

the different species are shown in Figure 6. 
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p53C 5'-CTGGCACCCGTGTCCGTGC-3' 

p53D 5 -CGGTTCATGCCCCCCATGC-3' 

p53E 5'-TACCATGCCCAGCCTGAGG-3' 

p53F 5'-CAAGCCAGTATTCAGGAGCC-3' 

p53G 5'-GGTTGTACCCCAGACTCTCC-3' 

p53H 5'-GCCACCAACAACCCCCTTCTGT-3' 

p53I 5'-CTCCCAGAGACCCTCCTGTTCA-3' 

Figure 5. p53 oligonucleotide sequences used in this study. 
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Mus p53 Exon 5. 1 to 184 

p53c. 83 to 101 

i TK44790 (Microtus arvalis), 102 to 851 

Mus D 5 3 Exon 6. 265 to 377 
^ 

p53«. 487 to 505 

p53h. MO to 561 

Mus p53 Ey>n 7. 800 to 909^ 

p53d. 852JP 870 

WMK'.WM VA-.V%NV.W% ^ J * •Jv-iVJ-Jt 

82 1 8 4 2 6 4 378 486 538 798 850 909 

Figure 6. Schematic diagram of p53 region sequenced. Red represents the 
region corresponding to Mus Exon 5, yellow is Intron 5, blue is Exon 6, 
green is Intron 6, and cyan is Exon 7. 
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DNA sequences were partitioned into four discrete groups; control 

M. arvalis, zone M. arvalis, control M. rossiameridionalis, and zone M. 

rossiameridionalis. This approach allows one to easily calculate the 

minimum number of nucleotide changes in each group. The number of 

haplotypes was calculated for zone and control populations of each species, 

and/? values were produced using Y.D. DeWoody's randomization program 

(Chapter II). 

Results and Discussion 

Upon completion of the sequencing phase of the research, all animals 

were decoded with respect to biological species and geographic origin to 

allow the study of the distribution of polymorphic sites and the degree of 

polymorphism in control vs. zone populations. I sequenced 788 bp of the 

Microtus p53 gene in 30 animals. This 788 bp includes the amplification 

primer sequences (p53C and p53D). Throughout this document, base 1 

refers to the 5 ' base of the primer p53C, and base 788 refers to the 5' base 

of p53D (Figure 5). In Mus, the sequenced region corresponds to the 3 ' 

end of exon 5, all of intron 5, all of exon 6, all of intron 6, and the 5' end 

of exon 7 (Figure 5). This region encompasses 286 bp of coding sequence 

(102 bp of exon 5, 113 bp of exon 6, and 71 bp of exon 7) and 502 bp of 

intron sequence (80 bp of intron 5 and 422 bp of intron 6). Af. arvalis 

(N = 16) were sequenced from radioactive ( n = l l ) and control (n=5) 

locations. M. rossiameridionalis (N=10) were also sequenced from 

radioactive (n=5) and control (n=5) areas. In addition, for more thorough 

interspecific comparisons I sequenced one M. oeconomus (TK44915) from 
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(1) CTGGCACCCG TGTCCGTGCC ATGGCCATCT ACAAGAAGTC 

(2) CTGGCACCCG TGTCCGTGCC ATGGCCATCT ACAAGAAGTC 

(3) CTGGCACCCG TGTCCGTGCC ATGGCCATCT ACAAGAAGTC 

(4) CTGGCACCCG TGTCCGTGCC ATGGCCATCT ACAAGAAGTC 

#1 

Consensus CTGGCACCCG TGTCCGTGCC ATGGCCATCT ACAAGAAGTC 

(1) ACAGCACATG ACAGAAGTCG TTAGACGCTG CCCCCACCAC 

(2)- ACAGCACATG ACAGAAGTCG TTAGACGCTG CCCCCACCAT 

(3) ACAGCACATG ACAGAAGTCG TTAGACGCTG CCCTCACCAC 

(4) ACAGCACATG ACAGAAGTCG TTAGACGCTG CCCCCACCAC 

#41 

Consensus ACAGCACATG ACAGAAGTCG TTAGACGCTG CCCCCACCAC 

(1) GAGCGTTGCT CCrGATGGTG ATGGTGAGTA CCCAGGGCAG 

(2) GAGCGTTGCT CC:GATGGTG ATGGTGAGTA CCCAGGGCAG 

(3) GAGCGCTGCT CCTGATGGTG ATGGTGAGTA :CCGGGGCAG 

(4) GAGCGCTGCT CC:GATGGTG ATGGTGAGTA CCCGGGGCAG 

#81 

Consensus GAGCGYTGCT CCrGATGGTG ATGGTGAGTA CCCRGGGCAG 

* • 

Figure 7. p53 sequence alignment of (1) M. 
rossiameridionalis, (2) M. arvalis, (3) M. oeconomus, 
and (4) M. agrestis. Total length is 788 bp. 
Apomorphic sites are indicated by an asterisk, gaps by 
colons. Polymorphic indels are underlined beneath the 
consensus sequence. Coding regions are underlined. 
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(1) 

(2) 

(3) 

(4) 

#121 

GCTCTGGGAT TAGAATTGGT TGCCTAGAGT CTCCCAGCCT 

GCTCTGGGAT TAGAATTGGT TGCCTAGAGT CTCCCAGCCT 

GCTCTGGGAT TAGAATTGGT TGCCTAGAGT CTCCCAGCCT 

GCTCTGGGA: TAGAATTGGT TGCCTAGAGT CTCCCAGCCT 

Consensus GCTCTGGGAT TAGAATTGGT TGCCTAGAGT CTCCCAGCCT 

(1) 

(2) 

(3) 

(4) 

#161 

CTAACCTTCT TGGTTGATCT TAGGTTTGGC TCCTCCTCAG 

CTAACCTTCT TGGTTGATCT TAGGTTTGGC TCCTCCTCAG 

CTAACCTTCT TGGTTGATCT TAGGTTTGGC TCCCCCTCAG 

CTAACCTTCT TTGTTGATCT TAGGTTTGGC TCCCCCTCAG 

Consensus CTAACCTTCT TGGTTGATCT TAGGTTTGGC TCCYCCTCAG 

(1) 

(2) 

(3) 

(4) 

#201 

CATCTCATCC GAGTGGAAGG AAACTTGCGA GCCGAGTATC 

CATCTCATCC GAGTGGAAGG AAACTTGCGA GCCGAGTATC 

CATCTCATCC GAGTGGAAGG AAACTTGCGA GCCGAGTATC 

CATCTCATCC GAGTGGAAGG AAACTTGCGA GCCGAGTATC 

Consensus CATCTCATCC GAGTGGAAGG AAACTTGCGA GCCGAGTATC 

Figure 7. Continued 
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(1) 

(2) 

(3) 

(4) 

#241 

TGGATGACAG GCAGACTTTT CGACACAGTG TGGTGGTGCC 

TGGATGACAG GCAGACTTTT CGGCACAGTG TGGTGGTGCC 

TGGATGACAG GCAGACTTTT CGGCACAGTG TGGTGGTGCC 

TGGATGACAG GCAGACTTTT CGGCACAGTG TGGTGGTGCC 

Consensus TGGATGACAG GCAGACTTTT CGGCACAGTG TGGTGGTGCC 

(1) 

(2) 

(3) 

(4) 

#281 

ATATGAGCCA CCTGAGGTCT GTTGTTCGGT TTGGTTTGGT 

ATATGAGCCA CCTGAGGTCT GTTGTTCGGT TTGGTTTGGT 

ATATGAGCCA CCTGAGGTCT GTTGTTCGGT TTGGTTTGGT 

ATATGAGCCA CCTGAGGTCT GTTGTTCGGT TTGGTTTGGT 

Consensus ATATGAGCCA CCTGAGGTCT GTTGTTCGGT TTGGTTTGGT 

(1) 

(2) 

(3) 

(4) 

#321 

TTGATTTCTA CTAGCCCAGA CTGATGTTAA CCTTGCAGCA 

TTGATTTCTG CTAGCCCAGA CTGATGTTAA CCTTGCAGCA 

TK5ATTTCTA CTAGCCCAGA CTGATACTGA CCTTGAAGCA 

TTGATTTCTA CTAGCCCAGA CTGATGTTGA CCTTGCAGCA 

Consensus TTGATTTCTA CTAGCCCAGA CTGATGTTRA CCTTGCAGCA 

* * • 

Figure 7. Continued 
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(1) 

(2) 

(3) 

(4) 

#361 

ACCTTCCTGC CTCAGGCTCC TGAATACTGG CTTGTAGGCA 

ACCTTCCTGC CTCAGGCTCC TGAATACTGG CTTGTAGGCA 

ACCTTCCTGC CTCAGGCTCC TGAATACTGG CTTGTAGGCA 

ACCTTCCTGC CTCAGGCTCC TGAATACTGG CTTGTAGGCA 

Consensus ACCTTCCTGC CTCAGGCTCC TGAATACTGG CTTGTAGGCA 

(1) 

(2)-

(3) 

(4) 

#401 

TGAACTACCA TGCCCAGCCT GAGGTTTACT TGAACAAGAG 

TGAACTACCA TGCCCAGCCT GAGGTTTACT TGAACAGGAG 

TGAACTACCA TGCCCAGCCT GAGGTTTACT TGAACAAGAG 

TGAACTACCA TGCCCAGCCT GAGGTTTACT TGAACAAGAG 

Consensus TGAACTACCA TGCCCAGCCT GAGGTTTACT TGAACAAGAG 

(1) 

(2) 

(3) 

(4) 

#441 

GGTCTCTGGG AGATGAGAAC AGAAGGGGGT TGTTGGTGGC 

GGTCTCTGGG AGAAGAGAAC AGAAGGGGGT TGTTGGTGGC 

GGTCTCTGGG AGAAGAGAAC AGAAGGGGGT TGTTGGTGGC 

GGTCTCTGGG AGAAGAGAAC AGAAGGGGGT TGTTGGTGG: 

Consensus GGTCTCTGGG AGAAGAGAAC AGAAGGGGGT TGTTGGTGGC 

Figure 7. Continued 
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(1) CACCCAGGTG GGAGGTGGAG AGTCTGGGGT ACAACCCAGA 

(2) CACCCGGGTG GGAGGTGGAG AGTCTGGGGT ACAACCCAGA 

(3) CACCCAGGTG GGAGGTGGAG AGTCTGGGGT ACAACCCAGA 

(4) ::::::: :TG GGAGGTGGAG AGTCTGGGGT ACAACCCAGA 

#481 

Consensus CACCCAGGTG GGAGGTGGAG AGTCTGGGGT ACAACCCAGA 

* * * * * * * * 

(D-

(2) 

(3) 

(4) 

#521 

GCCTCACACA CACTAGGCAA GTGATGTACC CTATCTCCAG 

GCCTCACACA CACTAGGCAA GTGATGTACC CTATCTCCAG 

GCCTCACACA CGCTAGGCAA GTGGTATACC CTATCTCCAG 

GCCTCACACA CGCTAGGCAA GTGGTGTACC CTATCTCCAG 

Consensus GCCTCACACA CRCTAGGCAA GTGRTGTACC CTATCTCCAG 

* * 

(1) 

(2) 

(3) 

(4) 

#561 

CCCACTTGCT TCCCATCCAG CACCCTGCTT CTCCAGGAGG 

CCCAATTGCT TCCCATCCAG CACCCTGCTT CTCCAGGAGG 

CCCACTTGCT TCCCATCCAA CACCCTGCTT CTCCAGGAGG 

CCCACTTGCT TCCCATCCAG CACCCTGCTC CTCCAGGAGG 

Consensus CCCACTTGCT TCCCATCCAG CACCCTGCTT CTCCAGGAGG 

Figure 7. Continued 
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(1) CATGCAGAGC AGGTAGGGTG TCCCTACTGT ACAGCTAAAA 

(2) CATGCAGAGC AGGTGGGATG TCCCTACTGT ACAGCTAAAA 

(3) CATGCAGAGC AGGTGGGGTG TCCCTACTGT ACAGCTAAAA 

(4) CATGCAGAGC AGGTGGGGTG TCCCTACTGT ACAGCTAAAA 

#601 

Consensus CATGCAGAGC AGGTGGGGTG TCCCTACTGT ACAGCTAAAA 

* . . * 

(1)- CTGAGGCTTC CTGGTTGCTT CAGGTTGCCT GTGGTGGGAT 

(2) CTGAGGCTTC CTGGTTGCTT CAGGTTGCCT GTGGTGGGAT 

(3) CTGAGGCTTC CTGGTTGCTT CAGGTCGCCT GTGGTGGGAT 

(4) CTGAGGCTTC CTGGTTGCTT CAGGTCACCT GTGGTGGGAT 

#641 

Consensus CTGAGGCTTC CTGGTTGCTT CAGGTYGCCT GTGGTGGGAT 

* * 

(1) TGGGAGTGGC TTCACCTGGG TCCTGTGTCC TCCCCCAGGT 

(2) TGGGAGTGGC TTCACCTGGG TCCTGTGTCC TCCCCCAGGT 

(3) CAGGAGTGGC TTCACCTGGG TCCTGTGTCC TCCCCCAGGT 

(4) CGGGAGTGGC TTCACCTGGG TCCTGTGTCC TCCCCCAGGT 

#681 

Consensus YGGGAGTGGC TTCACCTGGG TCCTGTGTCC TCCCCCAGGT 

• * 

Figure 7. Continued. 
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(1) CGGCTCTGAC TGTACCACCA TCCACTACAA CTATATGTGT 

(2) CGGCTCTGAC TGTACCACCA TCCACTACAA CTATATGTGT 

(3) CGGCTCTGAC TGTACCACCA TCCACTACAA CTATATGTGT 

(4) CGGCTCTGAC TGTACCACCA TCCACTACAA TTATATGTGT 

#721 

Consensus CGGCTCTGAC TGTACCACCA TCCACTACAA CTATATGTGT 

(1)- AATAGCTCCT GCATGGGGGG CATGAACCG 

(2) AATAGCTCCT GCATGGGGGG CATGAACCG 

(3) AATAGCTCCT GCATGGGGGG CATGAACCG 

(4) AATAGCTCCT GCATGGGGGG CATGAACCG 

# 7 6 1 

C o n s e n s u s AATAGCTCCT GCATGGGGGG CATGAACCG 

F i g u r e 7 . C o n t i n u e d . 
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the control region and two from the zone (TK44840 and TK44844), as well 

as one Af. agrestis (TK50054) from the zone. At the time of this writing, 

no samples of Af. agrestis were available from the control regions. 

Alignment of individual sequences reveals that there are no variable 

sites in my sample of ten Af. rossiameridionalis. This sample includes 

some 7,880 nucleotides of sequence data (10 individuals x 788 bp) and one 

very radioactive specimen (TK44841; 22,000 cpm as measured by a hand

held Geiger counter). Obviously, there were no differences between zone 

and control populations. 

M. arvalis, on the other hand, exhibited single nucleotide 

polymorphisms at four sites. The first occurs in Intron 6 at base 307, a G 

residue in the consensus sequence. This site is apparently heterozygous 

(A/G) in TK44751, a "hot" animal. The second site is also in Intron 6 at 

base 322. Base 322 is a G in the consensus sequence, but appears to be a 

G/C heterozygote in TK44739, a control animal. This site is heterozygous 

in TK44751 as well, but for different bases (A/G). The third variable site 

is in Intron 6 at base 371 (consensus base T), a C/T heterozygote in 

TK44637 (one of the five hot embryos). The fourth and final variable site 

in M. arvalis occurs in Intron 6 at base 564, consensus A. This site is an 

A/C heterozygote in TK44636, TK44637 (both embryos), and TK44605 

(the mother). The other three embryos are all A/A homozygotes. Finally, 

TK44624 is homozygous C/C at this site. Each of these four animals are 

from the radioactive zone. As indicated, each of these polymorphisms 

occurs in Intron 6. No polymorphisms are found in the coding regions. A 

computer search of restriction sites indicated that none of the four 
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polymorphic sites created or destroyed any of the 71 restriction sites 

surveyed. 

One individual, TK44741, a control M. arvalis, has a 14 bp deletion 

in the middle of intron 6. This animal, when sequenced directly from PCR 

products, gave two overlapping peaks in the chromatograms. suggesting an 

insertion or deletion event. After multiple attempts to resequence this 

animal (the overlapping peaks can be interpreted as noise), the PCR 

product from this animal was cloned into a TA cloning vector. Three 

individual clones were picked and sequenced. Two of the three had the 

"wild-type" sequence, while the third contained a fourteen bp 5' 

GGATGTCCCTACTG-3' deletion. Unfortunately, this deletion neither 

creates nor destroys any common restriction sites, but it will be possible to 

design a new PCR primer that spans some portion of the deletion and could 

then be used to assess presence or absence. 

There were a total of eight different haplotypes in M. arvalis, five 

different haplotypes (four unique and the consensus) in animals from the 

zone, and three different haplotypes (two unique and the consensus) in 

control animals. Because more zone animals ( n = l l ) were studied than 

controls (n=5), this difference was not significant {p=0.5\). 

There are nine species-specific differences between M. arvalis and 

M. rossiameridionalis in the p53 sequences. Seven of these nine nucleotide 

substitutions occur in intron 6, while two appear in coding regions. Five 

of the seven intron 6 substitutions are A:G transitions, and two are 

transversions (one A:T and one A:C). The first substitution in a coding 

region, a C:T third position transition, occurs in the 3 ' end of exon 5, at 

codon 179 in the mouse. This is a silent substitution that has no effect on 
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the P53 protein, but it is an intriguing coincidence that this polymorphism 

occurs in a codon that is a human mutational hotspot found in the third 

conserved domain of the protein. Both Microtus codons code for the same 

amino acid as humans (histidine), but it is unusual that the polymorphism 

occurs at this site. I sequenced 286 bases of coding region, including parts 

of exons 5, 6, and 7. There are only five mutational hotspots in the region 

that was sequenced; therefore, the probability of finding one of the two 

species-specific substitutions in one of these five codons is probably low. 

The second coding substitution occurs in the 3 ' end of exon 6. 

at mouse codon 213 (arginine), a G:A transition. Unlike the first 

coding difference between species, this amino-acid residue is not a 

mutational hotspot in humans, but it does occur at an amino-acid 

residue that is conserved across all vertebrate taxa surveyed to date 

(Soussi et al. 1990). There appear to be no implications at the 

protein level to either of these two species-specific differences, but it 

is intriguing that they occur at such conserved amino-acid sites. 

Af. oeconomus differs from the first two species at 15 different 

sites (Figure 7). Only three of these changes are in coding regions, 

and all are synonymous substitutions. The remaining 12 differences 

occur in either intron 5 (n=l ) or intron 6 ( n = l l ) . The first of the 

three coding differences occurs at Mus codon 177 (a third position 

transition), the second at codon 181 (a third position transition), and 

the third at codon 190 (a third position transition). Each of the three 

are C:T transitions. Again, each of these sites are highly conserved 
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£ all (5) 

Ball (459) 

iBstXI (467) 

Ball and BstXl restriction sites in Af. arvalis, M. 

rossiaemeridionalis, and Af. oeconomus. 

B 

rBaU (5) 

Ball restriction site in Af. agrestis. 

Figure 8. Partial restriction maps of the four Microtus species. 
Note that BstXl does not cut Af. agrestis (based upon the sequence of 
a single individual: see text). 
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across vertebrate taxa. With sequences from only three animals, I 

did not test for significance. All five coding region differences 

between M. oeconomus and M. arvalis/M. rossiaemeridionalis are 

third position transitions. Four of the five are C:T transitions while 

the fifth is a G:A transition. 

A single individual of Af. agrestis from the zone was also 

sequenced. This animal emitted some 20,000 counts per minute. 

There were numerous nucleotide substitutions between this sequence 

and Af. arvalis/M. rossiaemeridionalis, including 9 non-coding 

differences (2 in Intron 5 and 7 in Intron 6) and four silent coding 

substitutions (1 in Exon 5, 1 in Exon 6, and 2 in Exon 7). Three of 

the four coding substitutions were C:T transitions, and one was a 

C:G transversion. Again, each was a silent substitution, but 

occurred at a highly conserved residue in the protein sequence. 

In addition to the 13 substitutions, this individual was unique 

in that it was homozygous for a nine bp deletion of the sequence 5 ' -

CCACCCRGG-3' (where "R" is A or G) in the middle of intron 6. 

This deletion destroys two restriction sites {Ball and BstXl) that are 

present in the consensus sequences of the other three species (Figure 

8). When compared to other sequences from the automated sequence 

data generated from PCR products, animal TK44915 (Af. oeconomus) 

appears to be heterozygous for the same deletion. In order to test 

whether this deletion was present in the animals sequenced and 

simply unrecognized when analyzing heterozygotes, I re-amplified 

several individuals (TK50054, TK44840, TK44844, and TK44915) 
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and digested the resulting PCR product with BstXl. The results are 

unambiguous in that homozygous deletion/deletion animals do not 

cut, heterozygous animals produce the expected three bands, and 

homozygous wild-type/wild-type animals produce the expected two 

bands (data not shown). 

Deletions are the most frequent gene alteration induced by 

radiation (Abrahamson 1993). While it is impossible to determine if 

this 9 bp deletion is radiation induced, it is intriguing that the single 

Af. agrestis sequenced was both highly radioactive and homozygous 

for a deletion. It should be pointed out, however, that the deletion 

may be fixed in Af. agrestis; more individuals will need to be 

surveyed to determine if the deletion is polymorphic. TK44915, M. 

oeconomus, was heterozygous for the 9 bp deletion and was from a 

control area. The 14 bp deletion was described in TK44741, a 

control Af. arvalis. Thus, the most parsimonious explanation is that 

deletions in non-coding regions of p53 are common in the Microtinae 

without respect to the Chernobyl environment (as they appear to be 

in actin introns of whales, e.g., Palumbi and Baker 1994). 
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CHAPTER IV 

GENETIC CONSEQUENCES OF THE CHERNOBYL DISASTER 

To date, there are little data on the genetic effects of radiation 

exposure in natural populations of vertebrates. All data from the 

atomic bomb survivors indicates that genetic effects, if any, occurred 

at such a low frequency as to be essentially undetectable in the 

enormous samples utilized to generate those data. Survivors all 

received acute doses of radiation. By the same token, Kodaira et al. 

(1995) detected no mutations at minisatellite DNA loci in a similar, 

albeit much smaller, sample of atomic bomb survivors. These results 

may simply be explained by the fact that humans consciously avoid 

radiation or that acute exposure is not as damaging as chronic 

exposure. Studies of chronically irradiated rodent populations (Ross 

1986) also found no allozymic evidence for genetic changes. 

In sharp contrast, there is abundant evidence that the 

Chernobyl disaster is having a genetic impact. As mentioned earlier, 

Stephan and Oestreicher (1989) and Dubrova et al. (1996) both 

documented genetic abnormalities in humans exposed to radioactive 

fallout from Chernobyl, and Cristaldi et al. (1989, 1990, 1991) 

found extensive chromosomal breakage in the form of micronucleated 

polychromatic erythrocytes in Cleithrionomys; Goncharova and 

Ryabokon (1995) also found elevated levels of chromosomal 

abberations in Cleithrionomys. Sugg et al. (1996) also found 

evidence for genetic damage (e.g. , chromosomal breakage) in catfish 

via studies of DNA unwinding. The cytochrome b data set of Baker 
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et al. 1996, while not accurate as published, still indicates that there 

is greater mitochondrial diversity in zone populations than in control 

populations. These findings are still consistent with an elevated 

mutation rate, albeit not at the rate initially reported. In summary, 

there are several independent data sets that indicate that Chernobyl 

exposed populations are genetically different from control 

populations. Such findings in vertebrate populations are completely 

novel, and the concordancy between the Chernobyl data sets lend 

substantial credence to one another. 

The results of this study are, for the most part, consistent with 

each the studies described above. Both the allozyme and the p53 

studies indicate that zone and control populations of voles have 

different genetic characteristics that do not appear to be due simply 

to demographic effects. Here, I examine the most salient portions of 

both studies in light oi Microtus biology and the Chernobyl 

environment. 

Allozvmes 

The allozyme study as a whole indicates that there are no more 

rare alleles in the zone populations than in the control populations. 

There were few private alleles, and they were found in both zone and 

control populations. The total number of alleles per locus, often 

used as a measure of gene diversity, did not statistically differ 

between the two. However, the primary conclusion of the allozyme 

study is not the lack of differences between the zone and control 

populations, but the strikingly different allele frequencies at /CD-I 
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in all three species studied. As discussed in Chapter II, the most 

parsimonious explanation for this allele frequency shift is natural 

selection. It appears likely that the allele found in zone populations 

confers some selective advantage to those animals who have it. This 

is particularly intriguing given /CD-I ' s potential role in the 

scavenging of free-oxygen radicals that are produced in living tissue 

by ionizing radiation. This is certainly not the first report of natural 

selection acting on a particular allele at a certain locus (see Chapter 

II for a discussion), but it does seem to be the first system 

discovered in a natural population that has evolved in direct response 

to environmental insults (although see Nothel 1987 for a discussion 

of the evolution of radioresistance in captive populations of 

Drosophila). In addition, peroxidase also exhibited a dramatic shift 

in allele frequencies between zone and control populations, but was 

not consistently reliable or scorable (D.W. Sugg, pers. comm.). 

A logical extension of the /CD-I study is to sequence the 

cDNA and characterize the two different alleles at the DNA and 

amino-acid levels. The cDNA work is being performed by Anton 

Nekrutenko in conjunction with Drs. R. J. Baker and R. D. Bradley. 

Currently, the goal is to clone the two distinct cDNAs in expression 

vectors and further characterize both enzymes. In addition, we have 

been contacted by several other laboratories around the world that are 

interested in describing both forms of the protein in terms of 

structural aspects and enzymatic activity. 
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p53 

While the p53 study did not reveal statistically significant 

differences between zone and control populations, I did find that 

there was more variation in M. arvalis from the zone than the control 

regions. There are five different haplotypes (four unique and the 

consensus) in animals from the zone, and three different haplotypes 

(two unique and the consensus) in control animals. Lee and 

Bernstein's (1993) work on radioresistance in p53 transgenic mice 

suggested that mice from the zone might have a high frequency 

common allele that was different from the control mice; this was not 

the case. 

One possible problem with the p53 methodology employed in 

this dissertation is the potential for somatic mutations, that is, 

mutations that do not occur in the germline and are not passed on 

from one generation to the next. PCR, by its nature, tends to 

homogenize populations of molecules. For example, if an individual 

is chimeric for a variety of somatic mutations in the p53 gene, direct 

sequencing of PCR products will not reveal these differences if they 

are distributed randomly across nucleotide sites. That is, if 100 cells 

are examined (200 chromosomes), and 10% have a single, randomly 

distributed mutation, the other 180 wild-type copies of the gene will 

mask the signature of the mutants. However, if we amplify the gene 

using PCR and then clone the PCR products into a vector, we are 

sampling individual molecules which are representative of the 

heterogeneity within a genome. Note that this discussion relates 

only to somatic mutations, as germline mutations (e.g. , those 
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occurring during meiosis) will be present in all cells. The 

cytochrome b data set of Baker et al. (1996a) may have been 

influenced by these somatic mutations. 

Hvpotheses 

The first hypotheses, that genetic diversity is not different 

between zone and control populations, cannot be refuted. The 

allozyme data clearly indicate that there are no statistically significant 

differences between zone and control populations in total number of 

alleles per locus {p=0.16). The p53 data also fail to reject this null 

hypotheses for allelic diversity {p=0.5l). These results indicate that 

there is no apparent increase or decrease in genetic diversity in zone 

populations relative to control populations. An increase in genetic 

diversity due to an increased mutation rate would be seen in higher 

levels of heterozygosity and more alleles per locus in zone 

populations, while a decrease in genetic diversity due to population 

bottlenecks after the meltdown would be represented by decreased 

levels of variability. Thus, levels of diversity provide no real 

resolution to the question. 

This brings us to the second hypotheses, that the occurrence of 

rare or private alleles does not differ between zone and control 

populations. This question is more appropriately answered with the 

allozyme data, since the p53 data is from a single locus. Again, the 

null hypothesis cannot be refuted. There is no statistical difference 

between the number of rare alleles in experimental and control 

populations {p=0.60). Rare (or private) alleles might arise due to 
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mutational pressures which are present in one environment and 

absent in the other. This does not seem to be the case. 

Finally, the last hypothesis was that allele frequencies at each 

locus did not differ among populations. Evolution proceeds by allele 

frequency change over time, so this is probably the most effective 

measure of evolutionary rates. The ICD-1 findings indicate that 

there are strong selective pressures acting on this locus or on a 

closely linked locus that has maintained its linkage relationship to 

ICD-1 in all three species oi Microtus. These are undoubtedly the 

strongest data in this study, and are statistically highly significant 

(see Chapter II). Allele frequency differences of this magnitude in 

all three species indicate that these results are not likely due to 

chance. In addition to the three Microtus species, Apodemus has a 

similar allele frequency pattern (R.K. Chesser, pers. comm.) at ICD-

1 and D.W. Sugg's data on peroxidase suggests that selection may be 

acting on this locus as well. 

Insights 

In retrospect, there are several changes I would have made in 

these studies. First and foremost, I would have followed up on 

D.W. Sugg's peroxidase work. If there is indeed an allele frequency 

shift between zone and control animals, it should be possible to 

consistently resolve peroxidase by trying a wide variety of gel/buffer 

combinations, pHs, tissue types, and stains. It would bo interesting 

to characterize these differences and see if there were correlations 

between peroxidase and ICD-1 genotypes. I would also follow up on 
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the inactivation studies of Moore and Yates (1983). which 

characterized rates of protein denaturation in diverse taxa, to 

determine if the loci demonstrating spatial shifts in allele frequency 

are robust or fragile enzyme systems. 

Instead of p53, I might have chosen to sequence the mtDNA 

control region. The choice of a nuclear gene was based in large part 

on the elevated mutation rates reported by Baker et al. (1996b): since 

the mutation rates are not as high as reported, the choice of p53 is 

probably not appropriate. In particular, the highly conserved regions 

of p53 were not a good choice for sequencing in an effort to reveal 

different levels of variation among populations. However, the 

sequence data from p53 introns indicates that substantial amounts of 

genetic variation are segregating within and among populations at the 

nucleotide level. Palumbi and Baker (1994) used introns to study the 

molecular evolution of whales and also found that there was 

significant variation (including deletions) within and among species. 

Intron 6 in Microtus appears to be particularly variable: it may prove 

fruitful to focus on this 422 bp region in more animals. 

Future studies should exploit the restriction site variation (9 

bp deletion) at BstXl. This variation at a discreet nuclear locus is 

easily assayed and may prove valuable at some point in the future, as 

will PCR assays of the 14 bp deletion. In addition, mtDNA data 

from a non-coding region such as the D-loop may yet reveal elevated 

levels of mutation in Chernobyl animals. The D-loop is more 

variable than is cytochrome b, so selective constraints are probably 
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more relaxed in this region of the mtDNA and neutral mutations 

should accumulate more rapidly in the control region. 

If an elevated mutation rate does exist in Chernobyl animals, it 

should be detectable by sequencing multiple clones of the control 

region from each individual. Genotoxicity studies such as these will 

undoubtedly require DNA sequence data that are generated from 

clones and not from direct amplifications of genomic DNA (see p53 

section above). The potential for somatic mutations or heteroplasmy 

should always be addressed as a potential confounding factor that 

may be undetected using direct amplifications. If I made one 

recommendation to researchers studying genotoxic effects, it would 

be to sequence cloned DNA and not genomic DNA amplifications. 

The germline mutation rate in mammalian DNA is so low that rates 

twice or even ten-fold as high are difficult to detect in natural 

populations where pedigrees are unknown with reasonable sample 

sizes. Whereas multiple microsatellite markers may allow the 

reconstruction of relationships among individuals within a 

population, this is labor intensive and may require the development 

of the markers in many species. Consequently, it seems likely that 

there will be no easy way to determine individual parentage in the 

near future. The implications are that even greatly elevated germline 

mutation rates may be undetectable using conventional methods. 

However, contaminated environments such as Chernobyl may well 

cause somatic cell mutations. These mutations will be undetectable 

by direct sequencing of PCR products for reasons outlined above; 

cloning and sequencing of multiple clones from each individual is the 
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most reliable method for detecting both heteroplasmy (in the case of 

mtDNA) and somatic mutations (nuclear DNA). In retrospect, 1 

should have sequenced multiple clones from a highly radioactive 

individual in an attempt to quantify any such disorders. 

A final point to note is the non-significance of genetic 

diversity differences between zone and control populations. These p 

values may not be at all informative. The a priori hypothesis, that 

differences do not occur between populations, was designed to test 

for discrete biological events. For example, if genetic diversity had 

been consistently lower in the zone than in the controls, one might 

conclude this was due to population bottlenecks immediately 

following the explosion. If diversity had been higher in the zone, 

one might decide that elevated mutation rates were responsible. The 

lack of differences implies nothing biological is occurring: however, 

if vole populations did suffer severe bottlenecks and there is an 

elevated mutation rate, our samples may simply have been taken at a 

point in time where the elevated mutation rate has expedited recovery 

from the bottleneck. It is impossible to know if allele frequencies 

are changing (i .e . , evolution is occurring) without temporally 

separate samples. 

Conclusions 

One obvious conclusion of this study that is concordant with 

Baker et al. (1996b) is that M. arvalis is much more variable than Af. 

rossiaemeridionalis. Three independent data sets (allozymes, 

cytochrome b, and p53) all find this to be true. This is intriguing, 

64 

/CBB^Siuuvv'iiii^^wMBtVia.SS^ 



mmf^^m mrwtmrmmm ;»va«»'*lvfe»«»'''*Sfii:iv« -i-

since both are sympatric and indistinguishable by morphological 

characters. The implications are that Af. rossiaemeridionalis is the 

younger taxa, and has had less time to accumulate mutations (i.e. 

variability) in zone or control populations. 

The elevated level of genetic diversity at p53 in zone 

populations in conjunction with the statistically more substantial 

/CD-I data both support the studies of Dubrova et al. (1996), 

Cristaldi er a/. (1989, 1990, 1991), Goncharova and Ryabokon 

(1995), and Sugg et al. (1996), which all indicate that the Chernobyl 

disaster is having a significant, measurable impact on the genetic 

integrity of vertebrate populations that have been exposed to high 

levels of ionizing radiation. At this point, it is impossible to 

distinguish whether the genetic effects are due to chronic radiation 

exposure, high levels of radiation, heavy metal contamination, or 

some synergistic effect of some or all of the above. From a 

biological standpoint, we know that evolution proceeds in harsh 

environments and that vertebrates in general are surprisingly resilient 

in the face of environmental insult. This is certainly true of the 

Chernobyl environment. 

NOTE ADDED IN PROOF 

Since this dissertation was defended and approved by the 

committee, I have attempted to replicate the ICD-1 findings by re

running the original samples reported herein (Fig. 4; May 1995) 

along with a more recent collection (August 1996) of voles from both 

the zone and control regions. The orginal 1995 samples still 
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exhibited the reported electrophoretic mobility shift, but the 1996 

samples did not. This discrepancy between temporally discrete 

samples most likely indicates a problem with one of the two sets of 

tissues, most likely the original 1995 samples. However, attempts to 

denature the 1996 samples in an effort to reproduce the original 

mobility shift were unsuccessful (R.K. Chesser, pers. comm.). 
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