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ANIMALES ET VEGETALES IRRADIEES:
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par
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RESUME

On examine la littérature existante relative aux effets du

rayonnement ionisant sur les vitesses de mutation, la variabilité et les

réactions d'adaptation à la sélection des populations animales et végé-

tales exposées. La variabilité à l'état accumulé et, par conséquent,

les différentiels de sélection possibles, peuvent être augmentés de nom-

breuses fois du fait de la mutation provoquée. La dose de rayonnement

qui maximise la mutation provoquée varie beaucoup d'une espèce, d'une

variété, ou d'un système génétique, à l'autre. La variabilité provoquée

tend à augmenter la réaction à la sélection mais la réduction initiale

de l'héritabilité de la variation provoquée peut retarder ou empêcher

cet effet. Les effets nuisibles des mutations nocives chez les popula-

tions irradiées peuvent dépasser d'une façon importante les effets béné-

fiques de la sélection en ce qui concerne les caractéristiques d'adapta-

tion. La sélection pour la résistance au rayonnement peut se produire

à des doses de rayonnement égales ou inférieures à la dose mortelle,

mais les rapports entre les doses sont très variables.
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ABSTRACT

Available literature on the effects of ionizing radiation on

mutation rates, variability and adaptive responses to selection in ex-

posed plant and animal populations is reviewed. Accumulated variability,

and hence potential selection differentials, may be increased by many

times due to induced mutation. The radiation dose that maximizes in-

duced mutation varies greatly among species, strains and genetic sys-

tems. Induced variability tends to enhance the response to selection,

but this effect may be delayed or prevented by an initial reduction in

the heritability of induced variation. Significantly, the detrimental

effects of harmful mutations in irradiated populations may exceed the

beneficial effects of selection for adaptive characteristics. Selection

for radioresistance may occur at lethal or sub-lethal radiation doses

but dose relationships are highly variable.
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1. INTRODUCTION

The mutagenic properties of ionizing radiation have been stud-

ied intensively since Mailer (1927) and Haldane (1937) first drew atten-

tion to the possible effects of radiation-induced mutation. Reviews of

radiation genetics have concentrated upon the mechanisms of genetic dam-

age (Wolff, 1967) and the frequency of mutation (Selby, 1977; Searle,

1974; Russell, 1965, 1972). However, the long-term significance of ra-

diation in exposed populations has received less attention. The role of

mutation in reducing individual reproductive potential and population

mean fitness has been discussed in general reviews by Crow (1957), Crow

and Abrahamson (1965) and Woodwell and Sparrow (1965), with particular

reference to mammals by Green (3.968) and Grahn (1972), and with refer-

ence to human populations by Newcombe (1962). These authors have dealt

primarily with the ecological impact of lethal or disabling mutations

rather than the evolutionary significance of viable mutations that in-

crease population variability. Viable mutations are probably more com-

mon, but more difficult to detect, than obvious deleterious ones (BEIR,

1980). Radiation effects upon population variability were discussed

briefly by Berry (1972) and may be of greater importance than has pre-

viously been recognized (IAEA, 1976). Their relationship to the process

of natural selection in irradiated populations is discussed in reviews

of population genetics by Dubinin (1964) and Dubinin, Shevchenko and

Pomerantseva (1973). Very little experimental work on this aspect of

population genetics has been done at the low radiation doses that have

been predicted for natural populations, as a possible consequence of

man's activities.

Adaptive responses to irradiation are of major interest in

crop improvement programs where successive generations are exposed to

induce desirable variability for selective propagation (IAEA, 1972).

They are also of considerable interest in pest control programs where

radiation is applied to successive generations to increase the incidence
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of sterility and to reduce the reproductive potential of pest popula-

tions (IAEA, 1971). Finally, adaptation to long-term irradiation may be

an important consideration in understanding populations and ecosystems

exposed to above-uormal dose rates (Odum, 1965). The importance of this

consideration will depend upon the number of generations exposed, the

increase in mutation rate and the strength of selective forces acting on

the population (Woodwell and Sparrow, 1965). The present review exam-

ines available evidence on the effects of ionizing radiation on mutation

rate, population variability and adaptive responses to selection over

many generations.

2. RADIATION-INDUCED MUTATION

The genetic effects of ionizing radiation result from muta-

tions in the germ cell chromosomes, which are passed on to successive

generations in sexual reproduction. Therefore, long-term effects on a

population's genetic composition depend on the relative rates at which

mutations are induced and eliminated at specific genetic loci. Specific

locus mutation rates can be determined precisely only for clearly de-

fined characters of simple genetic origin, such as albinism in humans,

coat colour in mice and eye colour in insects. Representative estimates

of these rates suggest minor differences in the maximum rates that may

be produced in different groups of organisms.

Most estimates of induced mutation at single loci have been

derived from the study of laboratory mammals. Spontaneous rates in mice

average about 1 x 10 mutations/locus (Searle, 1974; Russell, 1965,
—4

1972). Russell (1965) induced mutation rates averaging 1.9 x 10 muta-

tions/locus in female mice {Mas museulus) irradiated during oogenesis

with X-ray doses of 400 R at 90 R/min. Fission neutrons produced ave-
-4

rage mutation rates of 1.2 x 10 mutations/locus after an acute dose of
60 rads at 75 rads/min (Russell, 1972). Mutation rates in male mice
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-4
averaged 1.3 x 10 mutations/locus after 600 R of X-rays during sperma-

-4
togenesis (Russell, 1965) and 1 x 10 mutations/locus after 60 rads of

fission neutrons (Russell, 1972). Higher acute doses are less affective,

due apparently to killing of the mutant germ cells (Searle, 1974).

-4
Greater rates of mutation, up to 7.3 x 10 mutations/locus,

3 *
may be induced in male mice by fractionating large X-ray doses of 10 rads

into consecutive doses of 500 rads separated by a 24-hour time interval

(Lyon and Morris, 1969). However, dose protraction over larger time in-

tervals reduces mutagenic effectiveness by allowing time for significant

repair (Searle, 1974). Chronic y-radiation doses (0.009 R/min) up to

860 R in male and 400 R in female mice have produced average mutation

rates no greater than 7 x 10 and 2 x 10 mutations/locus, respectively

(Russell, 1965, 1972). Female mice apparently exceed males in their

capacity for genetic repair at these low dose rates.

The single-locus mutation rates of insects are less well known

than those of mammals. Generally, much larger radiation doses, on the

order of 1 to 10 kR, are tolerated by insect populations and greater

mutation rates can be induced, although fewer mutations/rad are produced.

Kayhart (1956) irradiated wasps (Mortnoniella vitripennis) during oogene-

sis with an acute X-ray dose of 5.7 kR (854 R/min) to produce eye colour

mutants of five distinct types in the haploid male offspring. The re-

sulting mutation rates, assuming that five loci were involved, averaged

2.2 x 10 mutations/locus as compared to a spontaneous rate of 7 x 10

mutations/locus. Baldwin and Cross (1966) produced eye colour mutants

of four distinct types in the wasp, Dahlbominus fusoipennis. Assuming

that four loci ware involved, acute y-radiation and neutron doses of
-4 -4

750 rads yielded 6.3 x 10 and 8.3 x 10 mutations/locus, respectively.
_3

Oster (1963) induced mutation rates of 5 x 10 mutations/locus in male

fruit flies (Dvosophila melanogaster) irradiated with 4 kR of y-radia-

tion (3 kR/min) prior to mating. Inagaki et al. (1977) irradiated male

fruit flies with 1.5 kR of X-rays (115 R/min) during spermatogenesis and

* 1 rad = 0.01 Gy = 0.97 R X- or y-radiation (Holm and Berry, 1970)
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-4 -3
found average rates ranging from 1 x 10 to 2.1 x 10 mutations/locus,

depending upon the exact time of mating.

The single-locus mutation rates of plants are well known only

for agricultural species which have been investigated in crop improvement

studies. Chlorophyll mutations have been studied intensively. Investi-

gators have recognized five mutation types which are controlled in bar-

ley Qlovdewm vulgare) by recessive alleles at some 300 loci (Gustafsson,

1972). Aastveit (1968) irradiated barley plants, as embryos in the seed,

with 10 kR of X-rays and counted chlorophyll mutations in their progeny.

Homozygous mutants occurred with sufficient frequency to suggest an ap-

proximate mutation rate of 9.5 x 10 mutations/locus. Results after

irradiation with 100 kR (Kawai, 1969) indicated a mutation rate of
_2

1.2 x 10 mutations/locus. Spontaneous mutation rates at these loci

(Doll and Sandfaer, 1969) are from one to three orders of magnitude low-

er. Rana and Swaminathan (1967) irradiated wheat (Tritioum aesttvum)

seeds with 25 kR of X-rays; their results indicated a chlorophyll muta-

tion rate of 5.7 x 10 mutations/locus, if the numbers of loci operat-

ing in wheat and barley are assumed to be the same. These estimates

must be considered approximate since they are based upon rough estima-

tions of the number of loci involved. Nevertheless, they do suggest

that very high mutation rates may be induced in plants by irradiation of

seeds with doses on the order of 10 to 100 kR.

• Lower organisms, such as fungi and bacteria, are relatively

insensitive to irradiation and yield even fewer mutations/rad than in-

sects (Abrahamson et al., 1973). Mutability, expressed on a per rad

basis, appears to decrease with the DNA content of the cell. However,

increased radiation tolerance in lower organisms may compensate for this

effect so that mutation rates approaching those of higher plants and

animals can be induced. Webber and de Serres (1965) induced mutations

for adenine dependence in the red bread mold (Neurospora arassa) by ir-

radiating cultures with X-rays. Acute doses of 40 kR (1 kR/min) pro-

duced average rates of 1.2 x 10 mutations/locus. Demerec and Latarjet
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(1946) irradiated bacteria (Eseheriohia aoli) cultures with X-ray doses

of 100 kR (2 kR/min) and induced mutations for T, phage resistance with

a frequency of 2.0 x 10 mutations/locus. Survival is greatly reduced

by such large radiation doses but reproductive potential is sufficient

to permit rapid population recovery in successive generations.

Radiation-induced mutation rates are dose dependent and usu-

ally increase with radiation dosage until a maximum rate is reached.

The optimum dose, at which this occurs, varies greatly among species,

strains and different genetic loci (Venkateswarlu et al., 1978). In

addition it depends upon the organism's age and physiological condition

at exposure, the exposure rate, and the type of radiation used (Pawar,

Thakare and Joshua, 1978). Dose dependence in plants has been reviewed

by Nilan and Konzak (1961). Extensive reviews of dose dependence in

animals include those of Searle (1974) and Russell (1972), and more

recently the BEIR (1980) and UNSCEAR (1977) reports.

3. DIRECT EFFECTS OF MUTATION ON RESPONSE TO SELECTION

The direct effects of induced mutation on the genetic composi-

tion of a population may be understood by examination of genetic models

incorporating the fundamental processes of evolution - mutation and se-

lection. Mutation acts to transform genetic alleles in the germ cells

from one form to another; the new alleles are passed on to the next gen-

eration where they are usually detrimental. Selective environmental

forces act to eliminate the unfit individuals carrying and expressing

detrimental alleles before they can reproduce and transmit those alleles

to their offspring. The genetic composition of the population is there-

fore determined by the balance between these opposing forces, respec-

tively generating and eliminating mutant alleles.
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The proportion of each new generation lost due to the action

of selective environmental forces upon mutant individuals is referred to

as the population's genetic load. Recurring mutant alleles are normally

maintained in the population at very low frequencies. However, when the

environment changes, some of the mutant characteristics formerly con-

tributing to genetic load will be favoured by new selective forces while

other previously established alleles will become detrimental and decrease

in frequency. Therefore, a certain amount of genetic load may be con-

sidered the necessary cost of evolutionary responsiveness (Crow and

Abrahamson, 1965).

Simple models of genetic change, at a single locus with two

possible alleles, have been developed by imposing recurrent mutation and

selection on the Hardy-Weinburg equilibrium conditions which apply in

the absence of these forces (Haldane, 1937; Li, 1961; Cavalli-Sforza and

Bodmer, 1971). The precise form of the model depends upon the genetic

behaviour of the alleles involved and the nature of the selective forces

acting on them. New mutant alleles are usually recessive (detrimentally

expressed only in homozygous carriers - genot-ype aa). However, some are

dominant (detrimentally expressed in all carriers - genotypes aa and Aa)

or heterotic (detrimentally expressed in aa homozygotes but advantageously

expressed in Aa heterozygotes). The effects of hypothetical selective

forces on the frequencies of alleles of each type are outlined in Table

lc The effects of selection may be balanced by those of mutation to

produce a model of the following general form:

Aq = q - q1 - y(l - 2q) (1)

where Aq = decrease in relative frequency of allele a per generation,

q = relative frequency of allele a before selection,

q1 = relative frequency of allele a after selection,

2 2
= (q - sq )/(l - sq ) for recessive alleles,

2
= q(l - s)/(l - 2sq + sq ) for dominant alleles,
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= (q - sq )/(l - 2sq2 - s(l - 2q)) for heterotic alleles

with equally detrimental homozygotes,

s = relative selection against individuals expressing de-

trimental characteristics (0 <_ s <_ 1),

u = rate of mutation from one allele to the other .

The term representing mutation effects in equation (1) may be simplified

to vi (1 - q) by ignoring reverse mutation rates (from a to A) when q ±&

very small (Li, 1961) or modified to incorporate unequal rates of for-

ward and reverse mutation (Falconer, 1960). Forward and reverse muta-

tion rates are here assumed to be equal and mutation is assumed to act

prior to selection.

The genetic response to selection pressure depends upon the

initial allele frequency (Figure 1). There is no response at equilib-

rium (Aq = 0) when selective forces are exactly balanced by recurrent

mutation. The allele frequency will deviate from equilibrium only when

there has been a recent change in the equilibrium point due to a change

in selection pressure or mutation rate. The frequency will then approach

its new equilibrium value at a rate which depends upon the degree of

displacement from equilibrium, the selection pressure and the mutation

rate.

The mutation rate has a major influence upon the equilibrium

value of the allele frequency only when dominant or recessive alleles

are involved and equilibrium values in the absence of mutation are zero.

It can be shown algebraically (Li, 1961; Cavalli-Sforza and Bodmer,

1971) or empirically (Figure 1) that the equilibrium values are approx-

imately u/s and /u/s for dominant and recessive alleles respectively.

The equilibrium frequency of a heterotic allele is 0.5, regardless of

mutation rate, when both homozygotes are at the same selective disadvan-

tage. With asymmetric selection pressures of s and t against aa and AA

homozygotes respectively, the equilibrium frequency of allele a is ap-
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proximately t/(s + t) and the influence of mutation is minor (Li, 1961;

Berry, 1972).

Mutation has a significant direct effect upon the rate of

genetic response to selection only when mutation rates approach or ex-

ceed 10 mutations/locus. The change in Aq as mutation rates drop to

lower levels rapidly becomes negligible (Figure 1). The proportional

effect of mutation, relative to that of selection alone, is greatest at

low selection pressures and extreme allele frequencies. Mutation en-

hances the loss of detrimental alleles at very high frequencies, espe-

cially when those alleles are dominant. It retards the loss of detri-

mental alleles at very low frequencies, especially when those alleles

are recessive. Since high recurrent mutation rates are required to pro-

duce these effects, it is unlikely that radiation-induced mutation at

simple genetic loci would directly alter the response to selection at

those loci in mammalian populations. However, such effects may occur in

insect and seed plant populations when higher mutation rates are induced.

4. INDUCED VARIABILITY AND SELECTION

The direct effects of induced mutation on selection response,

discussed above, must be distinguished from the indirect effects which

occur as a result of accumulated variability in the population. An

increased rate of mutation induces population variability by generating

new alleles at each locus and maintaining them at sufficient equilibrium

frequencies to prevent their accidental loss from the population. Ac-

cumulation of new alleles increases the potential range of character

expression and of selective action (Berry, 1972). Although most new

alleles are deleterious, the probability that one will become advanta-

geous when environmental conditions change is maximized by a diverse

system of multiple alleles. By maintaining substantial frequencies of

potentially useful multiple alleles, mutation enables a finite popula-
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tion to respond to stronger selective pressures, without extinction,

than would otherwise be possible. However, the cost of maintaining this

responriveness is an increased number of mutant loci and an increased

genetic load due to a continual loss of individuals carrying alleles

that are not currently useful. The genetic load per mutant locus is

approximately u and 2\i for recessive and dominant mutant alleles respec-

tively (Kimura and Ohta, 1971); it is s/x for each system of x mutually

heterotic mutant alleles (Kimura and Crow, 1964).

The number of multiple alleles maintained at a locus depends

upon the number of changes possible in its genetic structure, the like-

lihood of each change, and the adaptive significance of each change for

the organism. Mutation affects each genetic locus differently. Never-

theless, simplifying assumptions allow some generalizations. Wright

(1966) assumed that all new alleles were equally deleterious and demon-

strated that very few dominant alleles can be maintained in a small

finite population (Table 2). However, the number of possible alleles

increased greatly with mutation at rates above 10 mutations/locus. A

larger number of different recessive alleles was maintained, and the

proportional increase in that number with mutation was slightly smaller.

The smallest proportional effect of mutation occurred at heterotic loci,

where very large numbers of alleles were normally maintained. However,

the number was still very sensitive to mutation rates above 10 muta-

tions/locus. Although fewer alleles can be maintained when their selec-

tive values differ from one another, the number will be strongly depen-

dent on the mutation rate in most populations.

When induced mutation results in a greater range of character

expression, new selective forces can act against a greater range of

character values without driving the population to extinction. To the

extent that survivors transmit their fitness characteristics to their

offspring, this permits rapid evolutionary changes in the character of

the population. Thus, changes in population mean may be expressed as a

function of selection differential and heritability, as follows (Fal-

coner, 1960; Crow and Kimura, 1970):
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AM = (MpR - Mp) h
2 (2)

where Mp = mean character value of the parental population,

M__ = mean character value of the parents that survive and re-

produce,

Mp = selection differential,

h2 = heritability (0 < h2 < 1).

Heritability is usually determined experimentally as a regression coef-

ficient describing the dependence of offspring character values on those

of their parents; maternal and paternal parents are assigned average

mid-parent character values (Ehrman and Parsons, 1976). The regression

coefficient is usually positive, and may be used to define an "additive
2

genetic" component (V.) of population variance (V_) such that h = V./Vp.

Heritability and additive genetic variance can also be estimated by

analysis of variance between, and within, inbred lines.

Mutation effects upon accumulated population variability, and

hence potential selection differential, are important both in artificial

selection programs and in natural populations exposed to rapidly changing

environmental conditions. These effects may be large, even at natural

mutation rates, and are therefore of greater evolutionary significance

than the direct effects of mutation on selection response. The latter

become significant only at the highest possible rates of radiation-

induced mutation.

5. VARIABILITY IN IRRADIATED POPULATIONS

Variability usually increases in irradiated populations as

mutant alleles accumulate. In some populations the increase may be ob-

served after a single generation of parental irradiation, while in others
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it may take several generations to appear. Increased variability has

most often been reported after acute ancestral exposure, but similar ef-

fects have been reported at chronic low doses.

Wallace (1958) measured the standard deviation of relative

fitness for particular genotypes among the progeny of fruit flies (Dro-

sophila melcmogaster) whose male parents had been irradiated after emer-

gence with 500 R of X-rays. The variability in fitness increased, by

factors as high as 1,07, in flies of certain genotypes whose ancestors

had been exposed to X-rays. In flies of other genotypes there was no

significant increase in variability, indicating that the induction of

population variability is non-random and subject to some degree of

genetic control.

Ojomo and Chheda (1972) irradiated cowpeas {Vioia unguiculata)

as embryos in the seed with 10 to 25 kR of X-rays and measured the yield

variability of their progeny. In a "local brown" variety the standard

deviation of the yield increased by a factor of 1.2A, while in a "west-

bred" variety no increase was observed. The westbred variety was the

product of a previous program of selection for yield and was much more

variable than the local brown variety prior to irradiation. This sug-

gests a limit to the amount of variability that can be induced in the

population.

Gianola, Chapman and Rutledge (1977a) exposed the spermatogonia

of laboratory rats to an X-ray dose of 450 R/generation for nine genera-

tions and measured the variability of weight gain in generation 16. The

standard deviation of weight gain at 10 weeks of age had increased after

ancestral irradiation by a factor of at least 1.6, and induced varia-

bility had persisted for seven generations in the absence of irradiation.

Trabalka and Allen (1977) examined variability in laboratory

populations of mosquito fish (Gambusia affinis) whose parents had been

captured from the waters of radionuclide-contaminated White Oak Lake in
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Tennessee. The parents had received average dose rates between 0.059

and 0.120 R/day prior to mating, and the previous 60 generations had

been exposed to even higher dose rates. The standard deviations of body

length in females and critical thermal maximum in males were increased

in ancestrally exposed fish by factors of 1.73 and 2.79, respectively.

However, brood size variability was not increased significantly.

Krivolutskii, Smurov and Snetkov (1972) reported an increase

in the morphological variability of centipedes (Paehymevium ferrugineum)

collected from radionuclide-contaminated soils. Soil activity due to

Sr ranged from 0.6 to 3.4 pCi/m and variability was increased by a

factor of 1.61 in males. Female variability was not increased relative

to that in unexposed populations. Presumably, some of the induced var-

iability in males was genetic and heritable, however, no attempt was

made to distinguish genetic effects from somatic ones. This can often

be done by allowing breeding stock from contaminated areas to reproduce

in the laboratory at normal background levels.

Gorman, Kim and Taylor (1977) examined genetic polymorphism in

a natural population of whiptail lizards {Cnemidophoxms tigris) after

ten years of exposure to y-radiation at rates of 1 to 2 rads/day. Popu-

lation variability was not increased by irradiation although accumulated

doses were sufficient to produce sterility in the oldest females. How-

ever, significant changes in allele frequency were observed, suggesting

that selective forces attributable to radiation may have been eliminating

induced variability as the population responded to changes in selection

pressure.

The degree to which irradiation increases population variabil-

ity depends upon the characteristic considered and the underlying genet-

ic mechanism by which it is determined. Changes in variability with

irradiation may differ greatly between populations of the same species,

* 1 Ci = 37 GBq
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depending upon each population's evolutionary history and current selec-

tion pressures.

5.1 DOSE RELATIONSHIPS

Since mutation frequency is dose dependent, induced variabil-

ity often depends predictably upon radiation dose. However, other fac-

tors which influence variability can complicate dose relationships.

Changes in selection pressure with radiation stress may be particularly

important at high doses. Dose relationships have usually been investi-

gated at high doses, approaching those which maximize induced variability.

Kumar (1972) examined the dose relationships of induced vari-

ability in brown sarson (Brassiea aantpestris L.). Variability in seed

production was measured in the progeny of plants irradiated as embryos

in the seed. The range in seed count/silique increased by a factor of

three after a parental y-radiation dose of 20 kR, the lowest dose ap-

plied (Figure 2). Lesser increases were observed at higher doses until

variability approached normal control levels at 100 kR. The optimum

dose which maximizes induced variability may be well below the dose that

precludes population survival.

Seetharam (1976) induced variability in linseed plants by ex-

posing their parents to y-radiation as embryos in the seed. The range

in plant height increased by a factor of 1.23 after a parental dose of

40 kR, the lowest dose applied (Figure 2). Variability returned to nor-

mal control levels at a dose of 80 kR. Variability in the number of

tillers/plant exhibited a similar dose relationship, but the range in

seed oil content increased with each increment in parental exposure and

was maximum at 80 kR, the highest dose applied.

Bari (1971) irradiated flax plants (Linum usitatissimum L.) as

embryos in the seed and measured the variability of seed production and

growth in their progeny. The standard deviation of seed yield increased
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by a factor of 1.26 after a parental X-ray dose of 25 kR (Figure 2).

Lesser increases were observed at lower and higher doses. The highest

parental dose of 150 kR substantially reduced the variability of seed

yield in the progeny, relative to controls with no radiation history.

The standard deviation of plant height was increased by parental radia-

tion at all doses but a definite dose relationship was not apparent.

Kasim, Shamsi and Sofajy (1977) exposed broad bean plants to

y-radiation, as embryos in the seed, and examined progeny variability in

the date of flowering. The standard deviation of flowering time in one

variety increased by a factor of 3.93 after a parental dose of 500 R

(Figure 2). Lesser increases were observed at lower and higher doses

from 100 R to 1 kR. In two other varieties, although irradiation in-

creased variability at all doses, dose relationships were poorly defined.

Daly (1973) induced variability in wall-cress plants (Arabi-

dopsis thaliana) by y-radiation of their parents as embryos in the seed.

A direct linear relationship was observed between the standard deviation

of flowering time and the parental radiation dose (Figure 2). Varia-

bility was increased by a factor of 3.07 at the highest applied dose

150 kR (410 R/h). Variability also increased with fast neutron radia-

tion doses between 0 and 16 krad. Over this dose range, neutron radia-

tion was more effective than y-radiation for inducing population varia-

bility.

The diversity of dose relationships for the induction of ex-

pressed variability may be attributed to differences in the radiation

sensitivity of the genetic systems controlling character expression.

Differences in the dose dependence of mutation frequency are probably of

primary importance. Additional differences in the degree to which radi-

ation stress alters selection pressures may also be involved. There

appears to be an optimum dose for maximizing induced variability in par-

ticular genetic systems, and this dose may be well below the maximum

tolerated by the population. Finally, radiation effects on the heri-
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tability of induced variation must be considered in order to predict

effects on the population's responsiveness to new selection pressures.

5.2 HERITABILITY

Heritability represents the proportion of population variabil-

ity which will be transmitted to and expressed by successive generations.

Since some of the expressed variability in any population is non-genetic,

heritability is usually much less than one (Falconer, 1960). Dominance

relationships between alleles also reduce heritability, in a manner which

depends on the relative frequencies of dominant and recessive alleles

(Ehrman and Parsons, 1976). In a simple two-allele genetic system with-

out dominance, maximum heritability is expected when allele frequencies

are equal, at 0.5. The reduction in heritability with dominance of one

allele over the other is greatest when recessive alleles are present at

high frequency.

Gianola, Chapman and Rutledge (1977b) found a decrease in the

heritability of weight gain in rats whose ancestors had been exposed to

X-rays, even though the standard deviation of weight gain had increased.

The net result was a decrease in the predicted ability of the ancestrally

irradiated population to respond to new selection pressures. The re-

duction in heritability was not due to an increase in the proportion of

population variability attributable to somatic radiation damage, since

only distant ancestors had been irradiated. However, genetic instability

may accompany the induction of new variability so that genetic variation

is not reliably transmitted to the offspring. Alternatively, heritabil-

ity may be reduced by radiation-induced changes in allele frequency,

away from the values that maximize additive genetic variance.

Ojomo and Chheda (1972) examined the heritability and varia-

bility of seed yield in cowpea plants (Viaia unguieulata) after parental

exposure to X-rays. In one variety, progeny variability was increased

by ancestral seed doses of 10 to 25 kR while in another variety varia-
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bility was decreased by similar doses. Heritability was increased in

the progeny with increased variability, and decreased in progeny of the

other variety. Daly (1973) reported a similar direct relationship

between the heritability and variability of flowering time in Arabidop-

sis thaliana after ancestral irradiation with either neutrons or X-rays.

These results are contrary to the findings of Gianola, Chapman and

Rutledge (1977b) in rats, and suggest that general relationships between

heritability and induced variability should not be expected. Both

quantities must be determined experimentally in order to predict the

response to selection in irradiated populations.

6. SELECTION IN IRRADIATED POPULATIONS

Natural selective forces acting on a population are usually

poorly defined; artificial selective forces in experimental populations

can be quantified more accurately. Gianola, Chapman and Rutledge (1979)

subjected laboratory rat populations to ten generations of selection for

either increased or decreased body weight. Rats in experimental popula-

tions were given X^ray doses of 450 R/generation at ages of 10 to 14

weeks, while control populations were exposed only to natural background

radiation. The decrease in body weight with negative selection was more

rapid in irradiated populations by factors ranging from 1.4 to 2.0 in

each generation. These populations were more variable and tolerated

larger selection differentials than did the control populations. How-

ever, the increase in body weight with positive selection pressure was

no greater in irradiated populations than in controls, in spite of

greater selection differentials. This was attributed to a reduced

heritability of new variation induced at the upper end of the size

range. Heritability varies with allele frequencies and nay either

increase or decrease as selection proceeds.
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Kumar (1972) subjected brown sarson {Brassiaa acanpestris L.)

populations to several generations of selection for increased seed yield.

Seeds in experimental populations were given y-radiation doses ranging

from 20 to 100 kR/generation, prior to and during selection. In spite

of an initial drop in seed yield due to dominant lethal effects on irra-

diated embryos, the increase in yield with selection was more rapid in

irradiated populations than in controls, by an average factor of 1.34.

Most of the increase in yield occurred during the first generation of

selection. Since variability continued to increase in later generations,

a reduction in the heritability of yield variation was implied. Selec-

tion for early flowering produced similar results and invited similar

conclusions.

Scossiroli and Scossiroli (1959) subjected fruit fly (Droso-

pkila melanogaeter) populations to 11 generations of selection for an

increased number of stenopleural hairs. Experimental populations were

exposed to X-ray doses of 3 kR/generation. The increase in stenopleural

hair count was greater in inbred and outbred experimental populations

than in controls, by factors of 4.94 and 2.18, respectively. Irradia-

tion enhanced the selection response by increasing heritable variability.

Ayala (1969) irradiated male fruit flies (Drosophila b-irekii)

with X-ray doses of 2 kR/generation for three generations prior to se-

lection. The experimental populations derived from these flies were

then allowed to increase in size for approximately 40 generations, as

were control populations. Natural selection pressures, due to intra-

specific competition, presumably increased with population density.

After 20 generations the ancestrally irradiated experimental populations

became more productive than controls and began to increase more rapidly.

The rate of increase was proportional to population variability and was

1.86 to 3.36 times greater in experimental populations than in controls.

Similar experiments with Drosophila serrata (Ayala, 1966) produced sim-

ilar results. Experimental populations with radiation histories re-

sponded more rapidly than controls to the selective pressures of compe-
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tition, became more productive, and eventually stabilized at greater

densities. Final densities in irradiated populations exceeded those in

control populations by factors of 1.64 to 2.07. In D. serrata, as in

D. birahii, several generations passed before the selection response of

irradiated populations began to exceed that of controls. Several gener-

ations of genetic recombination may be required to incorporate induced

variability into an integrated genetic system in a stable, heritable

form (Dyer, 1971).

Crenshaw (1965) irradiated male flour beetles (Triboli-um oon-

fuswn) in highly inbred populations with 500 R of X-rays and examined

productivity in three generations of progeny maintained under new, sub-

optimal conditions of temperature and relative humidity. Productivity

was initially lowered by these conditions, but recovered after two gen-

erations. Recovery was greater in ancestrally irradiated populations

than in controls by a factor of 1.97. This was attributed to a greater

adaptive response made possible by induced variability. Wallace (1956)

demonstrated that induced variability may enhance productivity even in

the absence of selection by increasing the level of heterozygosity in

heterotic systems. However, it is unlikely that such heterosis alone

could account for the degree of improvement observed by Crenshaw.

Enhancement of the response to new selective forces, while

commonly reported in irradiated populations, is not always observed.

Womack and Bogart (1968) subjected populations of laboratory mice to

five generations of selection for increased body weight at 28 days of

age. Mice in experimental populations were given X-ray doses ranging

from 25 to 100 R/generation (37 R/min) immediately prior to mating,

while a control population was not irradiated. The increase in body

weight was not significantly greater in irradiated populations, although

heritable variability surpassed that of the control population. This

was due to a decline in population size after irradiation and a conse-

quent reduction in the selection pressure that could be tolerated with-

out extinction. All populations were small, highly inbred and unable to
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sustain the increase in genetic load that accompanied irradiation. Under

these conditions, enhancement of the selection response cannot be expected.

Bartlett, Bell and Anderson (1966) subjected flour beetle

(Tvibolivm aastcmeian) populations to 11 generations of selection for in-

creased pupal weight. Adults in experimental populations were irradiated

with X-ray doses of 100 R and 1 kR/generation. The increase in pupal

weight was greater and more rapid in an unirradiated control population

than in exposed populations. The smallest increase occurred in the pop-

ulation exposed to the highest dose, although heritable variability in-

creased in proportion to the dose received. Low selection pressure in

irradiated populations was responsible for the poor response. Selection

pressure was intentionally reduced, when sterile matings occurred after

several generations of irradiation, in order to prevent extinction of

the small, inbred experimental populations. The results may be relevant

to such populations, but are probably not typical of large natural popu-

tions exposed to the combined action of radiation and selection.

Abplanalp at al. (1964) exposed chicken semen to X-ray doses

of 1 to 1.5 kR/generation for seven generations prior to selection for

increased egg production. Production was initially reduced by irradia-

tion as a result of increased genetic load. Normal production was re-

stored after several generations of selection in the absence of irradia-

tion, but further improvement occurred more slowly in the irradiated

population than in the control. Variability was increased by irradia-

tion, but this was offset by a loss of heritability at above-normal

levels of production.

Increased variability enhances the selection response only

when sufficient heritability is maintained. A reduction in the herita-

bility of new variations may delay or prevent incorporation of adaptive

characteristics by the population as a whole. Under strong selection

pressure, such delay may be crucial in small populations which depend

for their survival on rapid improvement.
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7. RADIOADAPTATION

All studies of selection in irradiated populations are compli-

cated by the. fact that radiation itself acts as a selective force. Ra-

diation-resistant individuals survi-e longer and reproduce more effec-

tively tl.in sensitive individuals exposed to damaging doses of radiation.

To the extent that these individual differences are heritable, the ra-

diation sensitivity of the population may be expected to decrease in

response to continued exposure over many generations.

Cooley (1973) examined the productivity of the aquatic snail,

Physa heterostropha, in a radionuclide-contaminated seep on the Oak Ridge

Reservation. The dose rate was 0.65 rads/day but previous generations

had received greater exposures. Egg production was greater in the ex-

posed population than in a nearby control population. This was consid-

ered a possible adaptation to radiation-induced mortality. Mortality

was not measured directly, but exposed snails were more heavily parasi-

tized than controls.

Dishler and Rashal (1973) studied populations of wall-^ress

Arabidopsis thaliana, consisting of two different varieties. In uuir-

radiated control populations the most fertile variety predominated.

However, when seeds were exposed to y-^adiation doses of 30 kR prior to

planting, the other variety became dominant. This variety was less

fertile but its seeds were more resistant to y~radiation.

Kaplan et al. (1972) counted meiotic chromosome aberrations in

the germ cells of barley plants grown for several generations on soil
90

contaminated with Sr. The frequency of normal meiosis was initially
90

decreased in proportion to Sr concentration in the soil but returned

to control levels after several generations. This may have been due to

the selective elimination of radiosensitive genetic material from the
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chromosomes, or to selective changes in the genetic system controlling

meiotic processes.

Wozakowska-Natkaniec (1977) examined radiosensitivity in aqua-

tic populations of duckweed (.Lernna minor) from naturally radioactive
*

water bodies in Poland. Activity levels ranged from 5 to 200 uCi /L.

Additional y-radiation doses required to reduce population growth by 50%

ranged from 8 to 10 kR in these populations. In other populations,

growing in non-radioactive water, doses of 4 to 8 kR produced the same

effect. Thus radioresistance was increased in radioactive water by

factors as high as 2.5.

Kratz (1975) measured radiosensitivity in fruit fly (Droso-

phila nebulosa) populations from the Iron Hills region of Brazil. Ex-

perimental populations, derived from areas of high natural background

radiation, had been exposed for many generations to dose rates from 1 to

1.5 mR/h. Adult survival, 72 hours after an additional y-radiation ex-

posure of 90 kR (230 R/min), was greater in these populations, by fac-

tors of 1.25 to 1.56, than in controls from normal background areas.

The decrease in production of offspring after irradiation of males with

3 kR was greater in control populations, by a factor of 1.07, than in

those from high background areas.

Cordeiro, Marques and Veiga-Neto (1973) measured radiosensi-

tivity in populations of another species of fruit fly (Drosophita wiZ-

listoni) from the Iron Hills region. The decrease in production of off-

spring after exposure of males to Y-radiation doses of 1 kR was greater

in control populations than in those from high background areas, by a

factor of 1.18. This was at least partly due to a greater reduction in

the hatchability of the eggs produced after irradiation of the control

populations.

1 Ci = 37 GBq
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NBthel (1970) irradiated fruit flies (Drosophila melanogaster)

with X-ray doses of 2.1 kR/generation for 227 generations. Radiosensi-

tivity was determined in females exposed to 2.5 kR after one generation

without exposure. Survival of their offspring to maturity was greater

in females with radiation histories than in controls without ancestral

irradiation. Ancestral exposure increased radiorp.sistance by a factor

of 1.9.

Nalborczyk, Zklawska and Kolakowska (1971) studied radiosen-

sitivity in Scots pine populations from highland and lowland are.-ts of

Poland. Highland areas were exposed to greater levels of cosmic radia-

tion than lowland areas. The median lethal X-ray dose (10 kR at 1 kR/min)

required to prevent germination in 50% of seeds from highland populations

was twice that determined in seeds from lowland populations. Doses of

1 kR were reported to stimulate seedling growth in highland plants and

to inhibit growth in lowland plants. These differences were attributed

to radioadaptation in highland areas. Other environmental factors re-

lated to altitude, in addition to cosmic radiation, may account for al-

titudinal differences in radioresistance, although these were not discussed.

Il'enko, Isaev and Ryabtsev (1974) studied radiosensitivity in

voles {Clethvionomys rutilus) from radionuclide-contaminated areas in
90 2

the U.S.S.R. Activity of Sr in the soil averaged 1.2 yCi/m . The

median lethal dose of y-radiation required to kill 50% of the population

in 30 days was greater in populations from contaminated areas than in

control populations, by a factor of 1.03. However, a similar increase

in the radioresistance of wood mice (Apodemus sylvatious) from contami-

nated areas was not observed. The difference was attributed to a greater

consumption of contaminated lichens by voles. Radioadaptation of vole

populations was suggested, but radiostimulation of repair mechanisms in

individuals may have been involved.

Radioadaptation may take many forms. Birth rates may be in-

creased by improvement in fertility, embryonic survival, litter size or
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litter frequency. Alternatively, survival of irradiated adults may be

improved. These evolutionary strategies are not mutually exclusive, but

one or the other generally predominates.

7.1 TEMPORAL PATTERNS

The rate of radioadaption depends upon the characteristics of

the genetic system controlling radioresistance, as well as the selection

pressure. Improvement of radioresistance may be observed after a single

generation of irradiation, or it may be delayed for many generations,

depending upon the amount of variability inherent in the system and the

rate at which new heritable variability is induced.

Stahler (1971) irradiated mosquito (Aedes aegypti) populations

with y-radiation doses of 2 kR/generation (125-250 R/min) to the eggs.

Radiation resistance in each generation was determined from egg hatch-

ability, before and after irradiation. Hatchability after irradiation

was initially less than 9% of the control value before irradiation;

after 90 generations it was 71% of the control value. Radioresistance

was increased in a stepwise fashion by a final factor of 8.07. The

stepwise pattern of increase was characterized by an intermediate pla-

teau phase, during which radioresistance did not improve. This was

attributed to the exhaustion of previously existing variability in

radioresistance. Further improvement became possible only after newly

induced variability had been incorporated into the genetic system in a

stable, heritable fashion.

Zhestyanikov (1963) followed the change in radioresistance of

bacterial (Esaheriehia eoli) populations exposed to continuous y-radia-

tion. The acute lethal dose required to kill 90% of the population in

24 hours was determined at monthly intervals. After 22 months of expo-

sure to daily doses of 1.8 to 2.3 R, the lethal dose was increased by a

factor of 2.14. The stepwise pattern of increase in radioresistance was

characterized by an intermediate plateau phase, similar to that observed
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by Stahler in mosquito populations. This response pattern may be con-

sidered typical of variable populations in which additional variation

can still be induced. However, if the genetic system has been depleted

of mutable alleles, improvement will cease once existing variability has

been exhausted. In a strain of E. aoli previously selected for radio-

resistance, only a single step of improvement was observed in response

to renewed selection pressure.

Zhorno and Surikova (1967) followed the change in radioresis-

tance of laboratory mice exposed to daily y-radiation doses of 20 mR for

six generations. Spermatogenesis was examined in males after an acute

X-ray dose of 600 R. The proportion of seminiferous tubules containing

spermatogonia 30 days after acute exposure was increased by ancestral

irradiation. However, the increase in radioresistance approached a

maximal level after one generation of ancestral irradiation. There was

little subsequent improvement once existing variability in radioresis-

tance had been exhausted.

Emery (1972) followed the change in radioresistance of pre-

viously irradiated peanut (firaohis hypogaea L.) populations exposed to

additional y~radiation for several generations. Seeds in alternate gen-

erations were exposed to doses of 15 kR (1-6.8 R/min) and survival to

maturity was determined for the seeds of the next generation. Survival

was increased to maximal levels after two generations of treatment. Im-

provement apparently ceased to occur once existing variability in radio-

resistance had been exhausted. A subsequent decrease in survival was

attributed to a reduction in population size and an increased genetic

load due to inbreeding.

Populations characterized by a large amount of inherent varia-

bility in radioresistance will respond to irradiation with a rapid in-

crease in radiation tolerance. In other, relatively invariable popula-

tions, the response will depend upon the accumulation of new heritable
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variability. This may result in a stepwise pattern of improvement as

variability is first exhausted and then renewed.

7.2 DOSE RELATIONSHIPS

Increased radioresistance with acute ancestral radiation expo-

sure is usually found to be dose dependent. Since selection pressure

increases with dose, the adaptive response of the exposed population may

be expected to exhibit a similar increase over some dose range. Plato-

nova and Sakharov (1962) examined this dose relationship in buckwheat

(Fagopyntm esautentum) populations exposed to y~radiation. Seeds were

exposed to doses ranging from 10 to 50 kR (449-600 R/min) for four gen-

erations and survival to maturity was determined. Plant survival im-

proved in successive generations at all doses above 10 kR. Improvement

was proportional to dose, and survival after four generations of expo-

sure at 50 kR exceeded that of the first exposed generation by a factor

of 13.3. Tetraploid populations of the same species adapted in the same

way, but were initially more resistant to radiation, and improved more

slowly (Figure 3).

The increase in radioresistance with chronic ancestral irra-

diation usually depends on the dose rate. Eriksen and Emborg (1978) ex-

amined the radiosensitivity of soil microflora in a strawberry field ir-

radiated with y-radiation. After 18 months of continuous irradiation,

soil samples were collected at various distances from the Co source

and exposed to an acute dose of 4000 krads. The density of surviving

bacteria was reduced by acute exposure in inverse proportion to the pre-

liminary dose rate. Bacterial radioresistance was increased at least 30

times by the highest preliminary dose rate of 180 rads/h. Highly resis-

tant strains isolated from the y-field suggested that radioadaptation of

particular species had occurred, although changes in the species compo-

sition of the microflora probably contributed to its overall resistance.
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Kiselev et al. (1961) Isolated various bacterial species from

naturally radioactive mineral waters in the U.S.S.R. and determined

their sensitivity to X-rays. The median dose required to kill 50% of

the culture increased in all species with the activity level of the

water. The greatest increase in radioresistance was observed in Baeillus

adhaerens which was 11 times more resistant when from waters with back-

ground dose rates of 0.12 mR/h than from waters with background dose

rates of 0.03 mR/h. Radioadaptation occurred in Miovoooacus sulfuveus

exposed to background dose rates as low as 0.03 mR/h (Figure 3).

Cherezhanova, Aleksakhin and Smirnov (1971) examined radiosen-

sitivity in populations of herbaceous plant species grown for 11 years
90

in experimental plots contaminated with Sr. Soil activity varied from
2

1.0 to 3.7 uCi/m . The frequency of normal cell division in the leaf

meristem was determined after subjecting plants to an additional activity

of 1.5 Ci for 24 hours. Resistance to disruption of cell division was

increased by ancestral exposure in contaminated plots, in proportion to

the soil activity. Radioresistance was increased by a factor of 1.25 at

the highest activity level in common agrimony (Agrimonia eupatoria L.)

and by smaller factors in the other species examined (Figure 3). How-

ever, radioresistance was not conclusively shown to increase from one

irradiated generation to the next, and individual radiostimulation,

rather than adaptation, may acccount for much of the observed improvement.

The direct relationship between preliminary dose or dose rate

and radioadaptation is commonly, but not consistently, observed. Shev-

chenko (1970) examined radiosensitivity in algae (Chlorella sp.) isolated

from radionuclide-contaminated soils in the U.S.S.R. Soil activity, due
90 90 3

to Sr and Y, ranged from 0.5 x 10 to 4.5 uCi/g. The median lethal

dose of y-radiation was determined in the laboratory for algae from con-

taminated and control plots. Radioresistance was 1.5 times greater

after five years at a soil activity level of 0.05 viCi/g than in control

plots. Lesser increases occurred at lower and higher soil activities,

suggesting an optimum activity level for radioadaptation (Figure 3). As
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radioresistance increased in later years, the optimum activity level

appeared to decrease.

Maisin et al. (1960) irradiated ten successively derived yeast

(Saccharomyoes aerevisiae) colonies with preliminary X-ray doses ranging

from 5 R to 10 kR and measured survival in the final colony after an ad-

ditional dose of 200 kR. Survival was increased by preliminary exposure

at all doses, but was maximized by small doses of 74 R. Since all pre-

liminary doses were sub-lethal, radioadaptation must be attributed to

differential effects of radiation on the productivity of sensitive and

resistant strains. Resistance persisted in subsequent, unirradiated

generations.

Marques (1973) irradiated fruit-fly (JDrosophila nebulosa) pop-

ulations and measured their ability to compete with unirradiated D. vri-l-

listoni. Preliminary y-radiation for 14 generations was followed by

doses of 1 kR/generation (71-100 R/min) during competition. The compe-

titively superior D. nebulosa always replaced D. wiVLvstoni and the re-

placement time was used as a measure of its radiosensitivity. Replace-

ment time was increased by irradiation during competition but this effect

was ameliorated by preliminary irradiation. Preliminary doses of 500

R/generation minimized the effect of later doses and induced a greater

radioresistance than higher preliminary doses of 1 kR/generation. While

high doses presumably increase selection pressure, the variability on

which selection must act may be maximized at lower doses.

7.3 EFFECTS OF GENETIC LOAD

Radioadaptation often enhances the performance, under radia-

tion stress, of a previously exposed population. However, ancestral ex-

posure may increase genetic load to the point that net population per-

formance under additional radiation is not improved relative to previously

unexposed controls. Gol'zberg and Vorobtsova (1976) found this to be

the case in an ancestrally irradiated fruit fly (Drosophila melanogaster)
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population (2 kR/generation at 141 R/min) treated with an additional

y-radiation dose of 60 kR (2.6 kR/min). This dose reduced survival to a

greater extent in a control population than in one which was previously

exposed, but the net survival was highest in the control population.

The authors considered their results illustrative of radioadaptation.

However, similar results have been interpreted by other authors as

evidence against an adaptive response.

Brower, Hossain and Tilton (1973) irradiated experimental pop-

ulations of the rice weevil (Sitophilus oryzae) with y-radiation doses

up to 2 kR for five generations and measured adult life span in the next

generation after additional exposures up to 50 kR (2.1 kR/min). Life

span was reduced by the additional exposure, in inverse proportion to

the ancestral dose. However, since ancestral irradiation alone had re-

duced the life span, the resulting longevity in experimental populations

was slightly less than that in controls exposed for the first time. The

authors concluded that radioadaptation had not occurred. This conclu-

sion contradicts that of Gol'zberg and Vorobtsova (1976) although their

results were very similar. The differences in interpretation are evi-

dently ^Kuantic; the results of both studies indicated that the adaptive

response, if it can be referred to as such, was insufficient to compen-

sate for the increased genetic load in ancestrally irradiated popula-

tions. An equally limited adaptive response, based on adult survival,

was reported by Abdul-Matin (1975) in irradiated populations of S.

oryzae. Other species, such as the cowpea weevil (Callosobruehus maou-

Zatus) and the meal moth (Plodia interpuneteZla) showed no apparent

adaptive response under similar experimental conditions (Hossain, Brower

and Tilton, 1972a, 1972b).

Spalding, Strang and Le Stourgeon (1963) examined radiosensi-

tivity in laboratory mouse populations with different radiation histories.

One population received y-radiation doses of 200 rads for 15 generations;

a sub-population was irradiated for 10 generations and allowed to recover.

The median lethal dose was determined in generation 17 after a recovery
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period of one to six generations. The lethal dose in the first irradiated

population was less than that in unirradiated controls while that in the

sub-population exceeded the control value. The differences were insig-

nificant, but suggested that improvement may become apparent only after

selection is relaxed and genetic load eliminated from the population.

Brower (1974a) irradiated experimental populations of the rice

weevil (Sitophilus oryzae) with y-radiation for 25 generations and de-

termined reproductive capacity in the next generation after an additional

exposure of 2 kR. This dose reduced reproductive capacity to a greater

extent in control populations than in experimental populations ancestrally

exposed to 1 and 2 kR. However, since ancestral irradiation alone had

increased genetic load and reduced reproductive capacity, the resulting

productivity in experimental populations did not exceed that in controls

exposed for the first time. Similar studies of productivity in irradi-

ated populations of Callosobruahus maaulatus and Tribolium aastaneum

(Brower 1974b, 1974c) provided no evidence of adaptive response. Repro-

ductive radiosensitivity in these species is either invariable or under

very weak genetic control.

Radiation exposure facilitates radioadaptation by inducing

population variability in radioresistance and selecting the most resis-

tant individuals to survive and reproduce. However, ancestral exposure

also increases the proportion of survivors carrying genetic defects.

Population mean fitness under continued exposure depends upon the rela-

tive magnitude of these effects, and may either increase or decrease.

8. SUMMARY

The direct effects of recurrent mutation on the response to a

fixed selection pressure are minor although they may become significant

in seed plants and insects at the highest reported rates of radiation-
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induced mutation. However, long-term mutation effects upon accumulated

population variability, and hence potential selection differentials, may

be large, even at natural mutation rates. There appears to be an optimum

radiation dose for maximizing .'nduced variability, which varies greatly

among species, strains and genetic systems, and may fall well below the

maximum dose tolerated by the population. Effects of dose rate on popu-

lation variability have not been investigated although increased varia-

bility has been reported at low doses and dose rates. Induced variabil-

ity tends to enhance a population's response to selection but this effect

may be delayed or prevented by an initial reduction in the heritability

of induced variation. In irradiated populations, the detrimental effects

of increased genetic load may exceed the beneficial effects of selection

for adaptive characteristics.

Selection for radioresistance has been demonstrated following

acute or chronic exposure over many generations, although some reports

of this phenomenon fail to distinguish between the effects of selection

on the population and those of individual radiostimulation. An optimum

dose for maximizing radioadaptation is often apparent. However, the

optimum dose and the degree of adaptation possible depend upon the dy-

namics and dose relationships of population variability, heritability

and accumulated genetic load. These relationships must be understood,

with particular reference to the genetic systems controlling radioresis-

tance, in order to predict adaptive responses in irradiated populations.
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TABLE 1

EFFECTS OF HYPOTHETICAL SELECTIVE FORCES ON ALLELE FREQUENCIES

AT TWO-ALLELE LOCI"2

LOCUS I2

LOCUS II3

LOCUS IIF*

Genotype

AA
Aa

aa

AA
Aa

aa

AA
Aa

aa

Fitness

1
1

1 - s

1
1 - s

1 - s

1 - s
1

1 - s

Relative Frequency

Before Selection

2
P
2pq
2
q

l

2
p
2pq
2
q

1

2
P
2pq
2

q

1

After Selection

2
P
2pq

q 2d - s)

1 - sq

2
P

2pq(l - s)

q2(l - s)

1 - 2sq + sq

P2(l - s)
2pq

q2(l - s)

1 - 2sq2 - s(l - 2q)

1 Symbolism defined in text, pp. 6 and 7
2 LOCUS I - Allele a recessive
3 LOCUS II - Allele a dominant
4 LOCUS III - Alleles a and A mutually heterotic .
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TABLE 2

NUMBER OF DELETERIOUS MULTIPLE ALLELES MAINTAINED AT A SINGLE LOCUS

BY DIFFERENT MUTATION RATES (y) IN POPULATIONS OF SIZE N*

N

105

106

io-6

10-5

io-6

10-5

Allele Type

Recessive
(s = 0.1)

2.7

23

27

226

Semidominant
(s = 0.01)

1.3

13

13

133

Heterotic
(s = 0.1)

73

126

289

700

* From Wright (1966)
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S = 0.9

FIGURE 1: Decrease (Aq) in Detrimental Allele Frequency after One
Generation of Selection (s) at Different Mutation Rates (u).
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FIGURE 2: Dose Relationships for Increase in Population Variability after
Ancestral Irradiation

1. Range of seeds/sillque (sarson) (Kumar, 1972).
2. a) Range of seed oil content (linseed) (Seetharam, 1976).

b) Range of plant height (linseed) (Seetharam, 1976).
3. Standard dev. of seed yield (flax) (Bari, 1971).
4. Standard dev. of flowering time (bean) (Kasim et al., 1977).
5. Standard dev. of flowering time (wall-cress) (Daly, 1973).
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FIGURE 3: Dose Relationships for Increase in Radioresistance after Ancestral
Irradiation

Survival at 10-60 kR (buckwheat) (Platonova and Sakharov, 1962)
Normal mitosis at 1.5 Ci (.agrimony) (Cherezhanova et al., 1971)
Median Lethal dose (Miarocossus) (Kiselev et al., 1961)
Competitive ability at 1 kR (fruit fly) (Marques, 1973)
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