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ABSTRACT

IRRADIATION IN SUCCESSIVE GENERATIONS:
COMPARATIVE RESPONSES OF DEVELOPING
AND DORMANT EMBRYOS

by William F. Campbell

The aims of this investigation were: one, to study the
effects on the germ line of Hannchen barley following the
application of recurrent irradiation to each of one, two,
and three successive generations at specific stages of
embryogeny and at dormancy; two, to compare the responses
of seedlings and mature plants arising from these embryos
irradiated either during their embryonic development or at
dormancy; and three, to determine if Hannchen barley (a
diploid, two-rowed variety) possesses the potentialities
for the induction of radiation resistance or susceptibility.

Hannchen barley was chosen as the experimental material
since it produces many seeds per head with embryos in
relatively the same stage of development provided that the
four basal and the four terminal grains are discarded. 1In
addition, a great deal of information concerning its normal
development and radiosensitivity responses are already known.
X-radiation was selected because the intensity could be
easily regulated and it was the only readily available source
of irradiation at hand for treating the developing embryos.
Dormant embryos were exposed to one of a number of different

dosages (0O r; 4,000 r; 7,500 r; 12,500 r; 15,000 r; 30,000 r),
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while four specific stages (EP = early proembryo; LP = late
proembryo; ED = early differentiation; LD = late differ-
entiation) of developing embryos were each given one exposure
of 400 r each generation. Effects on germination, seedling
vigor, survival to maturity, fertility, and induced abnormali-
ties were observed.

Germination was very good following irradiation either
of dormant embryos at the various dose levels or at the four
specific stages of embryogeny, except for the early proembryo
stages. With irradiation at the 15,000 r and 30,000 r dose
levels (given dormant embryos) and at the 400 r exposure
level applied to the early and late differentiation stages
of developing embryos, germinability tended to decrease with
each successively irradiated generation. This reduction in
germination appeared to result from the induction of both
dominant and recessive lethals. Seeds of the X-2 generations
of both developing and dormant embryos germinated 94 to 100
percent.

Growth inhibition of seedlings arising from irradiated
dry seeds tended to increase as the level of radiation
increased. Also the number of roots emerging from irradi-
ated dormant embryos, with few exceptions, remained similar
to those of the controls indicating that the centers of
origin, or pre-existing cells, of the roots are already
present in the mature, dormant embryo at the time of irradi-
ation. On the other hand, seedling responses, based upon

coleoptile height, number of roots, and dry weights of
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roots and shoots, following irradiation of developing
embryos generally exhibited differential stage specific
responses, the early proembryo and late differentiation
stages showing greater inhibition. Following the second
generation of radiation of both the developing and dormant
embryos the shoot growth generally decreased. This was
followed by an increase after the third irradiated gener-
ation. Delayed and reduced cell divisions, rather than an
effect on cell elongation, have been discussed as the probable
primary cause of growth reduction. Special emphasis was
given to the fact that decreased growth, followed by an
increase with a subsequent generation of radiation, may have
resulted from a build-up of genetic burdens (presumably
chromosomal interchanges) followed by an elimination (in-
volving haplontic and/or diplontic selection) of the aberrant
cells., With few exceptions, the induced variability was
greater following the irradiation of developing embryos than
that of the dormant embryos for all criteria used to measure
seedling vigor. Interestingly, irradiation of 30,000 r given
dormant ambryos produced seedling responses similar to those
of 400 r applied to the early proembryo and late differ-
entiation stages of developing embryos.

Following the first generation of radiation of both
developing and dormant embryos, the frequency of seedling
abnormalities was higher in the developing embryo groups

than in dormant ones. Moreover, the irradiation during
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embryonic development induced a wider spectrum of seedling
mutants. In addition, the leaf and coleoptile abnormalities
producedeere correlated with the specific stage irradiated
in developing embryos and were entirely absent in plants
arising from irradiated dormant embryos. Seedling abnormali-
ties were extremely rare in the X-2 generation following each
succeeding generation of radiation and may have resulted from
sampling error. The 'coleoptile-only" mutant appearing in
seedlings of the X-2 generations following the irradiation

of dormant embryos suggests that it may be a recessive
segregant.

The‘experimental results of this study strongly indicate
that when measuring radiation sensitivity careful consider-
ation should be given the criterion used as an index of
effect. 1In addition, the ontogenetic stage of development
irradiated should also receive special attention. Overall,
increased seedling vigor (as measured by shoot height) and
survival to maturity, following the third successive gener-
ation of radiation given both developing and dormant embryos,
suggests that the Hannchen germ line is capable of adapting
to irradiation as an additional environmental stress. This
appears to be accomplished by an alternating cycle, initially
a build-up of the genetic burdens in one generation followed
by their elimination in a subsequent irradiated generation.
Furthermore, from the data obtained in this study, it does
not appear feasible to use recurrent irradiation, during

successive generations, to increase and retain the frequency
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of mutations in this diploid variety of barley mainly because
of its high level of discrimination (through haplontic and/or

diplontic selection) against these induced mutations.
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INTRODUCT ION

In recent years a search has been on for some means of
protection (radio-resistance: acquired or induced) against
ionizing radiation. The net result has been the discovery
that radiosensitivity of organisms can indeed be influenced.
For example, scientists have reported inducing resistance in
mice (Luchnik and Kulinkova, 1956) and rats (Maisin et al.,
1960) to doses of irradiation which would otherwise have
been lethal, by prolonged weak irradiation during the fetal
stages of development. Other investigators (Bloom, 1950;
Pierce, 1948; Cronkite et al., 1950; Nuzhdin et al., 1960)
have observed acquired radio-resistance in crypt epithelial
cells of the small intestine in animals following repeated
low-dosage x-irradiations.

Recently Spalding and Strang and their co-workers
(1961, 1962) have attempted to determine what happens to
future generations of mice when the irradiation is continued
over several succeeding generations of progenies. They
observed heritable genetic damage and a shortening of the
life span on the unirradiated F-6 offspring. Others, working
with mice (Stadler and Gowen, 1961, 1962, 1963) and rats
(Brown and Krise, 1961) exposed to continuous gamma irradi-
ation for a 22-23 hr./day throughout their lifetimes and

that of their descendants for each succeeding generation,
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2
found that an exposure level of 2 r/day allowed sufficient
reproduction to continue the germ line through 11 generations
of mice and 5 generations of rats. Several other studies
dealing with acquired and/or induced radio-resistance in
animals are noted in a review by Dacquisto (1959).

By collecting data on germination, survival (at the end
of 6 weeks) and seedling vigor (as measured by shoot height
and dry weight), Abrams and Frey (1958) studied the effects
of acute irradiation applied to dry seeds of oats once in
each of several successive generations. They observed a
reduction in germination and in the number of surviving
seedlings but found an increase in vigor of those surviving.

Mewissen et al. (1959, 1960) collected Andropogon filifolius

seeds from an uraniferous soil, with radioactivity of the
superficial layers ranging from 10 to 50 times background,
and from a non-uraniferous, but otherwise similarly mineral-
ized, soil. Following single acute X-ray exposures, seeds
from the long-continued low-level irradiated population
exhibited higher vitality. There appeared to be an enhance-
ment of the biological potentialities rather than a degener-
ation.

Caldecott (1961) and Caldecott and North (1961) have
recorded an increase in chlorophyll mutations induced in
hexaploid oats each generation through 6 successive generations
of re-irradiation. They also observed greater variability for
plant height, panicle type, and maturity date following the

second irradiated generation. Yamaguchi (1962), using dry



seeds of barley and rice, observed an increase in germination
and fertility of the X-2 generation over the X-1 following
recurrent radiation. This method also increased the frequency
and broadened the mutation spectra.

Information concerning the effects of ionizing radiation
applied to developing plant and animal embryos during more
than one generation assumes particular importance for two
reasons. First, in most biological organisms the developing
embryo and young are much more sensitive than the mature
individuals of the same species (i.e., actively dividing
cells which are undergoing syntheses of new materials are
the most sensitive). For example, Mericle (1960) and Mericle
and Mericle (1961) recently reported that immature barley
embryos developing in situ on the mother plant are some 40-50
times more radiosensitive as regards their ability to survive
to sporophytic maturity than dormant embryos used in the dry
seed experiments of other investigators. Russel, L. B. et al.
(1960) have also noted comparable results when the embryonic
young of mice were irradiated. Secondly, there is possible
genetic danger to all future organisms from chronic exposure
of the present population to low doses of radiation. This
has recently been supported by Sparrow and Schairer (1962),
who have shown that in the event of high levels of fallout
radiation many of our native and cultivated plants would
suffer serious damage at about the same radiation levels

which would produce serious effects on mammals. Further



evidence by Sparrow (1963) and Mericle et al. (1962) shows
that average dose rates of 3-5 r/day of chronic gamma
radiation from Co-60 causes complete lethality of Pinus
rigida, while approximately 12 r/day produces visible
abnormalities in oak trees. It is of interest to note also
that chronic dosages of 12 r/day result in sterility and

loss of the germ line in mouse populations (Stadler and Gowen,
1962, 1963). Thus, it appears that some plants, at certain
stages during their life cycle, are equally as sensitive

as animals. This point is even more strongly emphasized

when comparing the recent Tradescantia data of Mericle, L. W.

et al. (1963) with those of mice (Miller, 1963).

Due to their ease of handling, dormant embryos in dry
seeds have been the choice of investigators for most mutation
induction in plants, instead of irradiating the more delicate
pollen or unwieldy developing embryos in situ on the mother
plant. One disadvantage in irradiating dry seeds is the
small size of the mutated sector recovered. It has been
shown that irradiation applied early in the development of
barley embryos will yield comparable mutation frequencies
among survivors, larger isomutant-carrying sectors (possession
of the same induced mutation) and consequently a much larger
number of isomutant X-2 plants (Mericle and Mericle, 1962).
Many investigations have been reported on the radio-sensitivity
responses of developing embryos of barley after the first
generation (Mericle and Mericle, 1957, 1959, 1961, 1962, 1963)

while recurrent irradiation in successive generations has been

’



carried out only on the dormant embryos of barley, oats, and
rice (Abrams and Frey, 1958; Caldecott, 1961; Caldecott and
North, 1961; Yamaguchi, 1962). Thus far there have been no
attempts to study the effects of ionizing radiation applied
recurrently to successive generations of developing plant
embryos. Investigations dealing with such effects opens up

a new and interesting field of study. With the above views
in mind Hannchen barley was chosen as the experimental
material, since previously it has been shown to be especially
suitable for radiation biology research (Mericle and Mericle,
1957, 1961), and since so much cytologic and genetic work

has already been done with barley (see review by Smith, 1951;
Caldecott, 1956; Ehrenberg, 1955; Gustafsson, 1947; Konzak,
1957). X-rays were selected as the form of irradiation since
the dosage and intensity could be regulated experimentally
and because they were the most readily available source of
irradiation for developing embryos. Employing a wider range
of criteria than those used by previous investigators, the
study reported herein was designed to study the effects on
the germ line of Hannchen barley of recurrent irradiation
applied to each of several successive generations at specific
stages of embryonic development. Dormant embryos of dry
seeds were also exposed to different dose levels once in each
of several successive generations for comparison with the
developing embryos of this study as well as to compare with

the results of Abrams and Frey (1958), Caldecott (1961),



Caldecott and North (1961), and Yamaguchi (1962), all of whom
have used dry seed. Finally to determine if Hannchen barley
(a diploid variety) possesses the potentialities for induced

radiation resistance or susceptibility.



BACKGROUND

Moisture Content and Radiosensitivity
of Dormant Embryos

It has long been known that the radiosensitivity of
dormant seeds was in some way dependent on their water
content during and after irradiation. This dependency has
been demonstrated by Gelin (1941), who found that about 50
percent of barley seeds soaked in water for 23 hours prior
to irradiation showed fragmentation and bridging of chromo-
somes. He observed that with 15 percent water content the
frequency of chromosomal aberrations decreased to 28 percent
and with 10 percent moisture, to 13 percent. 1In the case of
barley seeds, the differential moisture response apparently
related mainly to processes associated with germination.

Wertz (1940) considered in some detail the relationship
between moisture content of seeds and X-ray injury. He took
measurements on growth of roots, coleoptiles, and leaves.

In general, injury was directly correlated with moisture
content at the time of treatment. Roots were most reduced
in length and coleoptiles the least.

The sensitivity of dry barley seeds to X irradiation
has been shown to increase by five- to seven-fold upon soaking
them in water prior to treatment. Their sensitivity to

neutrons does not increase as greatly, but it is still a

7
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tﬁo- to three-fold increase (Ehrenberg, 1955). Changes in
survival and fertility (MacKey, 1951), mutation rate
(Ehrenberg et al., 1953; Stadler, 1928), and chromosomal
aberrations in root-tip cells (Ehrenberg et al., 1953) have
been shown to increase in sensitivity to X-rays.

Kempton and Maxwell (1941) noted that survival and mean
height were greater in maize seedlings grown from seed con-
taining 2 percent water than from those containing 8 percent
at the time of X-irradiation. By contrast, Gustafsson and
Simak (1958) reported that pine seeds of low moisture content
(equilibrated at O percent relative air humidity) were more
sensitive to ionizing radiation than seeds of high moisture
content (equilibrated at 40-100 percent relative air humidity).

Osborne et al. (1963 a,b), in an extensive investigation,
exposed the dormant embryos of 10 species of plants from 7
families to gamma ray doses from 9 to 400 kr after equi-
librating at relative humidities from 10 to 85 percent. They
reported that while in moét cases radiosensitivity changed
drastically with alterations in ielative humidity, the
relative humidity exhibited very little influences on seed
radiosensitivity of Hordeum and Festuca.

It has been noted (Caldecott, 1955) that dormant barley
seed X-irradiated immediately after storage at 0 percent
relative humidity apparently were more radiosensitive than
seed stored over 32 or 75 percent relative humidity, while

seed stored at 98 percent relative humidity were again more



sensitive to irradiation. Gustafsson and Simak (1958) also
have data supporting Caldecott's results.

Caldecott (1956) stored dormant barley seed over
solutions with different vapor pressures until the seed
had reached weight equilibrium. The water contents of the
embryos ranged from 4 to 16 percent. Following X-irradi-
ation and germination, seedling height measurements were
made at the end of 7 days. His data showed that the
sensitivity of the seed decreased as thefwater content of
the embryo increased from 4 to 8 percent. Hé observed that
a plateau was reached at about 8 percent after which added
increments of water up to about 16 percent gave little or
no further increase of radiosensitivity. “In general, between
7 and 20 percent moisture, barley showed an inverse relation
between moisture and sensitivity to X-rays (Caldecott, 1955;
Ehrenberg, 1955). This inverse relation was also found when
the water content of embryos alone within the grains was

determined (Caldecott, 1955).

Stimulation Versus Non-stimulation

The question of whether ionizing radiation can or cannot
stimulate plant growth has been much discussed.v Certainly
the acceleration of seed germination and ini&ial.stages of
development of agricultural crops, as well as raising their
yields, would be a boon to farmers and commeréial seedsmen

as seed can now be irradiated at relatively low cost. Saric
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(1958a, 1961) has recently reported an increase in the
number of ears produced per plant on inbreds and hybrids of
corn with dose levels ranging from 2,500 to 25,000 r of X-
irradiation. However, all of these ears were not fertile.
On the average, only one ear per plant set seed, and for
almost all dose levels the ears that were produced were of
lighter weight than the controls. Hence, the stimulative
effect of irradiation for the production of extra ears in
corn certainly does not appear profitable at this time.

Some authors give data which demonstrate unequivocally
that low doses of X-rays increase germinability and dry
matter production (Shull and Mitchell, 1933; Breslavets,
1946, 1960). Other investigators have reported either no
effects or slight increases:on rates of respiration (ﬁikaelsen
and Halvorsen, 1953), photosynthesis (Vasil'ev and Rybalka,
1958), transpiration (Bowen and Cawse, 1960) and mineral
uptake (Vasil'ev and Rybalka, 1959) following low doses of
irradiation, while high doses tended to dep;ess these rates.
Many conflicting reports of stimulation on the physiological
functions of seeds and plants following treatment with ioniz-
ing radiations have been reviewed by Johnson (1936),
Breslavets (1946), Sax (1955), and Kuzin (1956), (see also
Sparrow, Binnington and Pond, 1958). The contradictory find-
ings cited in these reviews suggest that in the experimental
materials used, certain radiosensitive, inhibitory factors

are present in some cases but absent in others.



11

Reports are also found in the literature which reveal
that X-irradiation of dry seeds (Caldecott, 1958; Curtis
et al., 1958) as well as growing plants (Sparrow and Evans,
1961; Gunckel and Sparrow, 1953; and many others) result in
growth inhibition. 1In dry seeds this growth inhibition has
been shown to be closely correlated with chromosomal aber-
rations (Bozzini et al., 1962; Caldecott, 1955, 1961). Growth
inhibition of the growing plants has been attributed in large
part to an inactivation of the growth hormone (auxin) pro-
dﬂcing mechanism at the shoot apex. From work reported in
1954 and 1956 Gordon showed that ionizing radiation has a
depressing effect on the enzyme system respopsible for the
transformation of tryptophane into the auxin, indoleacetic
acid. This could, in part, explain the data obtained earlier
by Skoog (1935), who found that dormant Syringa buds, i. e.;
those with decreased sprouting ability, could be forced to
sprout with moderate doses of gamma rays. Leopold (1949) and
Leopold and Thimann (1949) reported that small doses of
irradiation resulted in an increased number of tillers and
floral primordia, presumably by "opposing or destroying auxin
production." Micke (1961) found it possible to stimulate the
growth of dry sweet clover seeds by irradiation with thermal
neutrons but not by X-rays. He also obtaineg plants that
became dichotomous instead of maintaining their monopodial
structure. In the discussion that followed his paper it waé

assumed that the bifurcated stems produced were a result of
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physiological disturbances in auxin levels, but no supporting
data were given.

Gunckel and Sparrow (1953) have presented data and an
excellent review on the characteristic stem responses to
irradiation, such as dwarfing, fasciation, and tumor-like
growths. Also it has been noted that ionizing radiation can
enhance the growth of various plant organs such as roots
(Kuzin, 1956; Breslavets, 1960), seeds (Breslavets% %946,
1960), bulbs, tubers, and rhizomes (Gunckel and Sparrow,
1953; Sax, 1955; Spencer, 1955), sometimes leading to earlier
flowering (Kuzin, 1956; Sax, 1955) and maturatien (Breslavets,
1960) . :

A number of investigators hé&e demonstrated a stimulation
of'growth and development and have raised the yield of some
agricultural crops. Single exposures of X-irradiation
(750-1,000 r) on rye seed increésed the subsequent generation
yield by 21 percent (Kuzin, 1956), while chronic gamma
irradiation of less than one-third these dose levels gave a
40 percent increased yield of buckwheat. 'Also prolonged
gamma irradiation at # dose of 341 r for 27 days accelerated
cell division in root meristems of rye py 6 perceht as com-
pared with cell division .in unirrgdiatedicontiol cells
(Breslavets, 1960). Bréslavets et al. (1960) irradiated
radish and carrot seedlings with 1,000 f and noted improved
growth and increaséd yields of 11-33 percent in field trials

over a three-year period. Seed of these crops given 2,000 r
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to 4,000 r showed an increase germinating capacity, and the
roots of the irradiated seedlings were 20 to 40 percent
longer than those of the non-irradiated controls. Radish
and carrot plants, grown from irradiated seed, began to
ripen 5 to 6 days earlier than the controls. The production
of chlorophyll was stimulated in corn plants when dry seeds
were exposed to low dose levels (1,000 r to 2,000 r) of X-
and gamma-irradiation. Exposures to higher levels had no
such stimulating effect, and when dosages were raised above
20,000 r there was a decrease in chlorophyll content
(Sidorenko, 1962).

While it is probably worthwhile to view the reports of
increased yields or growth stimulations following X-irradi-
ation of seeds with some skepticism because of inadequate
controls or insufficiently controlled experiments, there are
a few critical works supported by statistical analyses.

Feher (1950), in Hungary, claimed to have obtained
increased yields in tobacco and cotton of as much as one-
third by using radioactive fertilizers. His data, however,
are in doubt since Alexander (1950), from carefully pianned
experiments encompassing some 20 Land-Grant Experimental
Stations in the United States, showed no statistically sig-
nificant effect (neither beneficial nor harmful) of radio-
active material in fertilizers.

Dittrich et al. (1949) reported an increase in the

growth of barley leaves, as compared with the controls,
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following irradiation of the seed with electrons, but found
no stimulation with X-rays, a fact substantiated later by
Micke (1961). The electron-treated seed grew faster following
exposure to moderate doses, but the X-rayed seed germinated
more slowly than the controls in all cases. Saric (1958a,
1961) also failed to obtain increased growth or yield in
inbred and hybrid corn following X-ray exposure.

Kersten et al. (1943) with a carefully controlled experi-
ment were able to show a statistically significant increase
in growth of X-rayed roots of corn seedlings. Sax (1955), in
a critical study of X-radiation effects on dry seeds of
various crop plants, noted some stimulation of growth, but
found no significant effects on yields. 1In the same paper,
Sax also reported that Gladiolus bulbs subjected to 4,000 r
of X-rays flowered significantly earlier and suggested that
higher dosages might be even more effective.

Irradiation of bulbs and corms of 16 varieties‘from 12
genera of cultivated monocotyledonous plants with 5,200 r of
X-rays resulted in significantly earlier flowering for seven
varieties the first season after treatment (Spencer, 1955).
However, no significant differences in average dates of flower
initiation for the second year were noted.

While investigating the biological effect of X-rays on
the first stages of seedling development of various plants,
Lallemand (1929) could not establish a definite inhibition

or retardation of sprouting. He did find, however, that
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decreases in lengths of stems, roots, and lateral roots were
directly proportional to increases in dosage received by the
seed.

Growth inhibition, resulting from the effects of ionizing
radiation, has been well established. The extent of this
inhibition, however, is dependent upon the radiation con-
ditions, the species of plants being irradiated, the kinds
of radiation, and the radiation levels involved (Beard et al.,
1958; Spencer and Cabanillas, 1956; Gunckel and Sparrow, 1961;
Sparrow, 1961; and Sparrow et al., 1958). For example, in
perusing the literature one finds data that show that most
plant species subjected to chronic gamma irradiation are
killed or injured at high intensities with generally no
visible effects on growth at lower exposures. However, there
are exceptions. Sparrow and Christensen (1953) reported

evidence of stimulating effects on the growth of Antirrhinum

plants when subjected to moderate doses in the gamma-field
at Brookhaven National Laboratory. Also with chronic gamma
irradiation, flowering was generally retarded at the higher
dose ranges but approached that of the controls as dosages
were decreased (Gunckel and Sparrow, 1953). 1In some species
there was a critical dose range, varying with the plant. In

Tradescantia, for instance, at an exposure rate of between

12 and 37 r per day, the number of flower buds per inflores-
cence was markedly increased, but the flowers were largely

sterile or highly abnormal (Gunckel et al., 1953). On the
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other hand, tobacco plants growing in a radiation area of 2.5
to 670 r per day all formed flower buds at about the same
time, yet those which received between 100 r to 350 r per
day actually bloomed much sooner (Sparrow and Singleton,
1953).

The controversy as to whether mild doses of X-rays do
or do not stimulate the growth of seeds still exists and will
probably continue as long as there are radio-biologists active
in this field. There is no doubt, however, that high doses
of ionizing radiation are injurious to plants (Caldecott and
Smith, 1948; Collins and Maxwell, 1936; Froier and Gustafsson,
1944; and Stadler, 1930). Injury may be expressed in a variety
of ways, such as chimeras, reduced rate of growth, sterility,
abortion, tumors, non-germination, floral abnormalities, or
killing (Stadler, 1931; Gunckel and Sparrow, 1961; and Sparrow
et al., 1958).

Irradiation During Embryo Development

As early as 1930 Stadler suggested that irradiation of
immature embryos might be advantageous when working with
certain plants, since at some stage during embryo develop-
ment there should be a single cell responsible for forming
all of the seeds produced by the plant. It was not until
the Mericles began their work in the early fifties, however,
that any effort was directed toward elucidating the radio-

sensitivity responses of plant embryos irradiated during the
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var ious phéses of their embryological development in situ on
the mother plant. They (Mericle and Mericle, 1962) have now
presented evidence confirming Stadler's suggestion.

Bergonie and Tribondeau (1906) formulated the principle
that actively proliferating tissues are the most sensitive
to radiation and that the radiosensitivity of a tissue varies
inversely with its degree of differentiation. 1In accord with
this concept, embryonic germinal centers and plant meristematic
tissues should be the most readily damaged by ionizing radi-
ations. This can be confirmed by comparing the data of
Mericle and Mericle (1961, 1962) with that of Gaul (1961).
Although the mutation rate was similar in both studies Gaul
found it necessary to use 40 times more irradiation on dry
seeds as did the Mericles on developing embryos. Further-
more, it is interesting to note that following the 30,000 r
dose level Gaul obtained 10 to 46 percent survival to maturity
but 48 percent sterility, whereas Mericle and Mericle (1961,
1962) reported 35 to 80 percent survival with less than half
the sterility. Gustafsson and Simak (1958), from germination
studies of spruce seed, indicated that ripe seed was 2 to 3
times more tolerant to the same irradiation dose as unripe
seed. Also, in animals, the embryo is more sensitive than
the fetus, and the fetus is more sensitive to irradiation
than either the young or adult animal (Wilson and Karr, 1950;
and Russell and Russell, 1956).

Mericle et al. (1955) found a general agreement with the
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law of Bergonie and Triobondeau when the sensitivity of
various stages of barley embryos to irradiation was based
upon histological effects and germination ability. Later
they (Mericle and Mericle, 1957) reported some interesting
exceptions to the "inverse law." The zygote and two-celled
stages appeared somewhat less sensitive to radiation when
observed histologically, yet were very sensitive when
evaluated on the basis of germination, seedling lethality,
and total non-survival to X-1 maturity. After further,
extensive investigations it now appears that these inverse
relationships are borne out from the zygote through the mid
and late proembryos and early differentiation stages (Mericle
and Mericle, 1961). They have suggested that "hiddén" or
physiological effects sustained by these developing embryos
may account for their patterns of sensitivity and are expressed
in their most serious form at germination, during séediing
development, and non-survival to maturity. Irradiation of
embryos with doses in the range of 50-800 r applied at mid-
proembryo through differentiation stages produced more effects
when measured histologically than were apparent from their
data on germination and seediing lethality. . They concluded
that embryos could function with 'a large number of induced
abnormalities, or that they were capable of 1imited.repair
before they reached maturity.

The sensitivity of the organs developing within the

embryo also demonstrated an inverse relationship between
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degree of differentiation and the effect produced by radi-
ation (Mericle and Mericle, 1957, 1961). The scutellunm,
shoot, and root all exhibited similar sensitivities if the
embryo was irradiated prior to differentiation. 1If, however,
the embryo was irradiated after differentiation began, the
scutellum and shoot were much less sensitive than the root.
This differential sensitivity has been supported and related
to effects on the DNA content of these various organs (Chang,
1961; and Chang and Mericle, 1962). Since the root is last
to develop it is ontogenetically younger, and this, the
Mericle's assumed, apparently explained its more sensitive
nature.

Eunus (1954, 1955), a student of Mericle's, investigated

the general embryological development of Hordeum vulgare L.

and some of the embryonic abnormalities that were induced by
X-rays. The plants were given single exposures ranging from
50 to 800 r, 3 to 10 days following fertilization. Histologi-
cal samples were taken 4, 8, and 15 days after treatment.
In general, similar kinds of abnormalities (cells enlarged
and vacuolated and small cavities formed by degeneration of
cells) were'broduced starting with 400 r and including 800 r.
The frequency of occurrence and the degree of proliferation
in embryos irradiated with 800 r, however, were relatively
higher than those produced by 400 r and 500 r. There were
no visible effects with dosages below 300 r.

Saric (1957, 1958b, 1961), of Yugoslavia, working with
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cereals, approached the problem of radiosensitivity from a
different point of view than other investigators. His method
was to harvest the seed as young as possible but still get
germination and survival. Thereafter he harvested seed every
third or fourth day until he had what he termed 10 stages of
developing embryos with moisture contents ranging from 80
percent to 20 percent. Since previous workers (Gelin, 1941;
Caldecott, 1956; and others) had demonstrated that moisture
content of the dormant embryos (at the time of irradiation)
was a factor in their response, Saric eliminated this variable
by drying seeds of the various developmental stages to the
same moisture content. In order to insure further uniformity
of the barley seed lot Saric followed the same technique used
earlier by Chang (1957), that of discarding the four grains
at the top and bottom of each spike, having the remaining
grains for all practical purposes in the same stage of
embryonic development. X-ray dosages of 15,000 r; 20,000 r;
and 25,000 r were applied as a single dose to all seed lots.
From his results he concluded that ontogenetically younger
séeds are more radiosensitive than older ones, a fact also
substantiated by Gustafsson and Simak (1958). From Saric's
data and from his photomicrographs it is estimated that the
earliest embryo stage he irradiated corresponded to‘a late
stage 5 (a differentiating embryo, late in development) of
the stages mentioned by Mericle and Mericle (1957).

Rabideau (1954) investigated chlorophyll abnormalities
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in bean plants which were irradiated during embryo develop-
ment, and Reinholz (1954) studied the changes in cotyledon

number following irradiation of developing Arabidopsis

thaliana embryos. Neither work, however, correlated the
changes produced with the exact stages of embryogeny irradi-
ated as did the work of Mericle and Mericle (1957, 1961, 1962).

In later studies carried out on Arabidopsis, Reinholz (1959)

applied a single irrédiation dose of 5,000 r to the inflores-
cences. This dose caused death or developméntal anomalies
of the embryos enclosed in the pods. She observed that organ
formation could be influenced throughout the entire develop-
mental period between fertilization and diffefentiation of
tissues, and also that sensitivity to irradiation was differ-
ent at different developmental stages. .;
In an attempt to’obtain a more fundamental understanding
of some of the biochemical changes that take place following
ir}adiation,‘Chang (1961) and Chang and Mericle (1962, 1963)
analyzed the nucleic acid changes which occurred in irradi-
ated barley embryos. Following a single acute dose of 450 r
X-rays applied to barley embryos at specific stages during
their development, the amount of DNA and RNA present was
anaiyzqd at subsequent stages. The rate of DNA reduction
during' the first 24 hours fo;lowing irradiation -and its
residuél depression at embryonic maturity were related to the
embryonic stage irfadiated. The youngest embryos'showed a

more immediate reduction after irradiation, while the oldest
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embfyos underwent the least recovery. Although RNA content
was also markedly affected, the direction and magnitude of
effects appeared to be independent of embryonic stage. The
amount of DNA depression in the scutellum, shoot and root
regions also reflected the sensitivity of thesé orgahs to
radiation. Irradiation of the embryo befofe differen%iation
caused little difference in the DNA contenf of these organs
when measured in the mature embryo. Irradiation after
differentiation, however, producedka greater dep;eésiqn of
DNA in the root than in thé shoot oriécuteilum, This agrees
with earlier sensitivity stﬁdies of Mericle and Mericle
(1957, 1961) based on histblogical examination. Again the
depression of RNA due to irradiation appeared‘to‘be unrelated
to the degree of differentiation. DNA content of the embryo
-was reduced by the radiation more than was RNA during the
early stages of development, while in the mature embryo RNA
was more affected. Analyses of individual base content. and
molar base ratios in DNA and RNA follewing irradiation showed
uracil and thymine to be the most.sensitive.

Other biochemical changes induced by irradiation of
developing barley embryos have been noted by Mericle and
Mericle (1959) who found that a §ingle acute dose of 400 r
X-rays applied during embryonic development resulted in a
decrease in the‘fotal amind acid content at embryonic maturity.
The ratios of various amino acids weré also changed. Glutamic

acid and sometimes tyrosine attained levels above the controls,
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while proline, threonine, valine, and cystine/cysteine were
sometimes depressed to the point of non-detection. No stage
or radiation specificity was observed for any of the amino
acids investigated.

Nybom et al. (1956) have attempted to determine if
barley had any special mutation sensitive period (i.e., a
time at which mutants could be induced and recovered in the
greatest number) during its vegétative and floral develop-
ment. Using chronic gamma irradiation, they divided the
irradiation exposure into what they referred to as part-
periods: (a) germination to heading; (b) flowering to
maturity; (c) heading to maturity; and (d) germination to
maturity. At the highest dose that permitted survival of the
plants, complete sterility occurred. Irradiation applied
during the early embryo formation also resulted in complete
sterility. With the lowest exposures used the genetic effects
of chronic irradiation were truly additive, both with regard
to chromosomal re-arrangements leading to sterility in the
second generation as well as to recessive mutations appearing
in the third generation.

Later Hermelin (1959) used Co-60 to apply acute exposures
to barley in different phases of ontogeny. These were: (a)
premeiotically; (b) during meiosis; and (c) after meiosis,
to the beginning of endosperm formation. An increased
sensitivity was displayed at meiosis with doses of less than

1,000 r. In a more comprehensive experiment, Kozhushko (1961)
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gave chronic gamma irradiation to two varieties of wheat and
two varieties of barley during 4 phases of their development:
(a) from sprouting until the beginning of the formation of
reproductive tissue; (b) from the formation of the reproductive
primordia to flowering; (c) the week following the beginning
of flowering; and (d) from the beginning of flowering to seed
maturation. He reported that irradiation of plants in phase
"a" led to suppression of vertical growth and a decrease in
the length and number of spikes. Irradiation in all phases
was accompanied by a decrease in the fertility of the plants
as compared with controls, the highest sterility occurring
in phases "a" and "b." All plants in the first half of the
vegetative period (i.e., from sprouting to the beginning of
flowering) showed increased sensitivity to gamma-irradiation.

In plants, Sax et al. (1955) showed thgtffractionation
of X-ray doses decreased production of ;two;hit" chromosome
and chromatid aberrations, if there was sufficient time
interval between treatments to permit ;estitution of breaks
induced by the first exposure before any new breaks were
induced by the second exposure. More recently Sax (1961)
showed that if the time interval between treatments were
relatively long, the first dose (given during the resting
stage) increased the sensitivity of the chromosomes to the
second dose (given at prophase).

Nybom (1956) fractionated into 12-hour periods the gamma

irradiation given to flax, barley, and beans. He found no
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significant change in the tolerance of the plants, nor was
there any apparent difference between irradiations carried
out during the day as contrasted with those given at night.

Induced Radiation Resistance Versus
- Radiation Susceptibility

In any investigation dealing with the sensitivity of a
biological organism to the action of ionizing radiation, the
questions of individual radiosensitivity, capacity for repair
following radiation damage, and the possibility of adaptation
to radiation are of paramount importance. 1In an attempt to
answer these questions, Mewissen et al. (1959, 1960) collected

seeds of a perennial grass Andropogon filifolius growing in

an uraniferous soil (in which radioactivity of the super-
ficial layers ranged from 10 to 50 times background) and from
non-uraniferous, but otherwise similarly mineralized, soils.
Following a single acute radiation exposure seed originating
from the uraniferous soil exhibited a higher percentage of
germination and had a greater average length of stems and
roots. Kiselev et al. (1961) reported that micro-organisms
isolated from radio-active waters were 3 to 10 times as
radio-resistant as similar micro-organisms inhabitating non-
radioactive water basins. After 2,000 to 4,000 years of
background irradiation to the ancestral germ line. The
primordia of Sequoia gigantea still produced seeds which
were 70 percent viable (Tahmisian and Brar, 1960). Since

both the male and female primordia are present in each tree
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the germ plasm of both of the pre-zygotic gametes have been
subjected to cumulative irradiation. Calculations of cumu-
lative dose indicated that the germ line of the primordia
had received 115 roentgens per thousand yeais, whereas the
roots had received 150 roentgens.

McCormick and Platt (1962) studied spring and summer
annuals‘exposed to gamma-irradiation with a total cumulative
dose of 8,000 r to 130,000 r over a three year period and
found both immediate and long-rangé effects upon individual
species and community attributes. Certain post-irradiation
changes in the spring flora were interpreted as '"stimulation
effects" at radiation doses of 8,000 to 30,000 r. Following
irradiation of the parental generation at these levels, the

first filial generation of Arenaria brevifolia was observed

to increase in density, distribution, and growth at the

expense of a competitive species, Diamorpha cymosa. These

"stimulatory" effects, apparept only in the first generation,
made it possible for this species to continue as the dominant
species in the succeeding two generations observed. Other
changes in the spring floral were broﬁght about through lethal
and inhibitory effects of radiation upon plant growth. It

waS concluded further that changes in the summer flora
resulted from a selective elimination of radiation-sensitive
species with a concomitant positive selection pressure toward
radiation-resistant species. Under all environmental con-

ditions studied, species which become dominant following the



27

irradiation period consistently exhibited greater physiologi-
cal tolerances to radiation than did the normally dominant
species which they replaced.

Lining and Jonsson (1958) X-irradiated two stocks of

Muller-5 fruit flies, Drosophila melanogaster (one of which

had received 5 r/hr. for 6 years, the other with no known
radiation history) and considered the possibility of mutational
adaptation due to an incorporation into the population of
mutational isoalleles with lower mutability than the alleles
originally present. Their results indicated no adaptation

due to mutational isoalleles.

Several workers have dealt with the problem of induced
radio-resistance of an organism as a result of its being
previously irradiated. These workers have applied either:
(a) a single preliminary sublethal dose of irradiation to
the organism; or (b) a series of fractionated doses, each
followed by a subsequent lethal dose. An exposure of 10 r
X-rays to the mouse fetuses at 15.5 days post-fertilization
increased considerably their survival to LD-50 in 30 days
when exposed as adults (Rugh and Wolff, 1957). Higher 'pre-
conditioning" exposures (25 r to 300 r) to the fetuses at
any stage were detrimental when the mice were exposed to
X-rays in later life (Rugh and Wolff, 1957). Luchnik and
Kulinkova (1956) employed sublethal dose levels in the range
of 15 to 200 r, followed 10 days later by an exposure of 700

r X-rays. Control mice with no previous '"pre-conditioning"
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dose showed 92 percent mortality, while the pre-conditioned
mice exhibited a mortality range of only 37 pércent to 83
percent. Another group of Russian scientists (Nuzhdin et al.
1960) used preliminary irradiation exposures of 15 to 400 r
followed by a second exposure to 600 r 7, 14, 28, or 42 days
later. '"Pre-conditioning'" dose levels of 200 r and below
increased survival by 25 percent, while above this exposure
the protection was insignificant.

Cronkite et al. (1950) used a "pre-conditioning dose"
of 144 r whole-body radiation each week for a total of three
weeks. Thirty days after the last exposure, 703 r was given
to previously treated mice and controls. The control mice
showed a 41 percent mortality at the end of 28 days, while
the experimental group exhibited only 26 percent mortality.
According to Bloom (1950) 10 or more exposures of 60 r per
day induced limited resistance in mice to a subsequent acute
exposure of 200 r X-rays as indicated by negligible debris
and persistent mitotic activity in the crypt epithelial cells
of the duodenum. This resistance was not evident, however,
when the subsequent exposure was raised to 600 to 1,200 r.
In rats, fractionated irradiation decreased the number of
primordial ovarian follicles. By increasing the interval
between irradiations, however, the damaging effect of irradi-
ation decreased (Kitaeva, 1960). In contrast, fractionated
doses aided in the preservation of the primordial ovarian

follicles, and the fertility of mice subjected to a
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fractionated dose was greater than when a single dose was
given, particularly 6 months after irradiation (Kitaeva,
1960) .

Recurrent Irradiation

Many papers have been published dealing with the
influence of ionizing radiation on cytological, genetic,
morphological, and physiological processes in plants and
animals. These studies, however, with few exceptions, have
been carried through only one generation of treatment. 1In
many cases, data have been collected from only short-term
experiments in which the investigators did not allow the
plants or animals to grow to maturity, hence they were not
able to judge how irradiation affected the entire life cycle
of the organism. Information concerning the effects of
recurrent irradiation throﬂ%h successive generations is not
completely lacking, however, as evidenced by a few papers
which have appeared in the literature in recent years.

Cells that are cytologiéally deficient in their chromo-
some complement may often be incapable of competing with more
normal cells during developmeht. Thus, the net result is
that many detrimental effects such as reciprocal interchanges
and deletions disappear within one generation. However, it
is conceivable that certain chromosomal disturbances (near
breaks or deletions of one or more alleles in polyploids)

could persist but remain hidden. If this be the case, it is
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entirely possible that with repeated irradiation treatment
through successive generations these chromosomal disturbances
could be cumulative. In an attempt to test this hypothesis,
Abrams and Frey (1958) studied the effects of recurrent
X-radiation in one, two, or three successive seed generations
on germination and seedling vigor in oats. Under both green-
house and field conditions they noted that germination
percentage and the number of surviving seedlings decreased
but found an increase in vigor of those surviving. On the
basis of these analyses they postulated that genetic burdens
of the following types had accumulated within the germ line:
(a) weakened intrachromosomal linkages making the chromosomes
more subject to actual breakage resulting in a greater number
of aberrations after repeated radiations; and (b) an accumu-
lation of chromosomal disturbances at homeologous locations
in the different genomes. Their second postulation, however,
would only apply to polyploids.

Caldecott (1961), Caldecott and North (1961) and
Yamaguchi (1962) have indicated that further research should
be conducted in developing techniques for an induction of
sizeable mutation effects on various characters and for a
selection of desirable mutations from a number of induced
mutant lines. Such techniques, according to these workers,
should greatly aid the geneticists and plant breeders in
screening for agronomically useful mutants. Théy have

suggested administering irradiation to a sequence of
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generations, i.e., '"recurrent'" irradiation to successive
generations as one method by which the mutation frequency

may be increased. Yamaguchi (1962) using this method with
dormant seeds of barley and rice reported that fertility

of the populations was not reduced, rather, a striking
improvement in seed fertility appeared for the X-2 population
as compared with that for the X-1. He also found an increase
in the mutation frequency and a broadening of the mutation
spectra.

Caldecott and North (1961) chose to select for re-
irradiation only seed from those spikes or panicles which
did not exhibit gross chromosomal anomalies. They found,
in the course of their investigations, that a polyploid oat
apparently had been '"diploidized,'" and that, in spite of the
rigorous selection methods employed, the incidence of
chlorophyll mutations had increased with each generation
through a total of six successive generations. They also
gave supporting data on the incidence of chlorophyll
mutations in wheat following irradiation for two successive
seed generations.

Employing dry seed of barley Gaul (1961) has investi-
gated the size of mutated sectors. By following the mutation
frequency in X-1 spikes he found that the average size of
mutated sectors increases with increasing dosages. The
increased dose level also increased the amount of sterility.

According to Mericle and Mericle (1962) irradiation of barley
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proembryos developing within the ovaries of young spikes

will permit recovery of mutant-carrying sectors 2 to 20 times
larger and with a frequency and fertility equal to or greater
than those usually found following dry seed irradiation. As
a consequence, the size of their isomutant (possession of

the same induced mutation) test populations increased 5- to
25-fold. The size and frequency of isomutant populations
which could conceivably be obtained by applying recurrent
irradiation techniques to proembryos makes for interesting
speculation.

Stadler and Gowen (1961, 1962, 1963) exposed several
strains of mice to eight different dosages of Co-60 irradi-
ation over periods averaging 22 hours a day throughout their
lifetimes, and to their descendants in each succeeding
generation. Dosages of 1-2 r per day allowed sufficient
reproduction to continue the germ lines through 11 generations,
while dosages of 12 r day resulted in sterility and loss of
the germ line. They have found that a long term continuous
irradiation of the germ plasm allowed phenotypically vigorous
mice to be produced within the highly inbred strains. No
mutations were observed during the course of their investi-
gation.

Brown et al. (1963) reported that the exposure of six
successive litters of female albino rats with continuous
gamma-radiation (2, 5, and 10 r/day) affected neither

fertility nor reproductive capacity. However, radiation
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at the 20 r/day level did decrease fertility and the total
number of litters that a female could produce. They also
noted that offspring from the third litter borne by mothers
continuously in the radiation chamber were fertile in those
groups which received doses of 2 and 5 r of gamma-radiation,
while the corresponding animals receiving daily doses of 10
and 20 r from the time of conception were sterile when inbred
or when bred to known fertile unirradiated males. Their data
substaniated the observations of Stadler and Gowen (1961, 1962,
1963), in that continuous irradiation up to 2 r/day did not
impair reproduction sufficiently to prevent continuation of
the germ line. i

[

In a critical experiment dealing with recurrent radi-
ations Spalding et al. (1961)tconcluded that 200 rads of
X-radiation delivered‘to male mice, for five consecutive
generations produced sufficient genetfb damage to affect
significantly the breeding charactéristics‘of the offspring.
In other studies, Spalding and Strang (1961) have found that
the offspring of ten generations o? irradiated male mice were
approximately 24 percent less resistant to protracted gamma-
ray stress than were the controls. On the basis pf all of
their studies they have postulated that heritable genetic
burdens (i.e., near chromosomal breaks or other sublethal
mutations) accumulate in the germ Iine; |

For comparison purposes it is intqresting to note that

average dose rates of 3 to 5 r/day of chronic gamma-irradiation
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from Co-60 resulted in lethality of entire trees of Pinus
rigida (Sparrow, 1963), while approximately 12 r/day produced
visible abnormalities in oak trees (Mericle et al., 1962).
Embryo abortion, decreased survival, and a reduction in

height of oak seedlings were observed following 6 to 12 r/day
chronic gamma-radiation (Mergen and Stairs, 1962). Thus, it
appears that some plants are no less sensitive to radiation
than are animals. This point is even more strongly emphasized

when comparing the recent data on Tradescantia (Mericle, L. W.

et al., 1963) exposed to 0.25 mr/hour with that on mice
(Miller, 1963) exposed to 0.20 mr/hour.



MATERIALS AND METHODS

Experimental Procedures

In order to investigate the effects of recurrent
ioniZing radiation (once in each of several successive
generations) upon viability and fertility, a long inbred,

highly uniform two-rowed strain of barley, Hordeum distichum

L., emend. Lam. cv. Hannchen (C. I. 531) was used as the
experimental material. In this two-rowed variety the lateral
florets of the flowering spike remain sterile. As a result
the "flat" head produced is particularly well adapted for
X-irradiation of the developing embryos, since it eliminated
the possibility of partial shielding by other grains; this
not being true for four- or six-rowed varieties. This par-
ticular variety produces many seeds per head with embryos in
relatively the same stage of development provided the four
basal and the four terminal grains are discarded (Chang, 1957,
1963b). In addition, this variety has been extensively used
in irradiation experiments at Michigan State University for
the past 10 years, and a great deal of information is already
at hand (Mericle and Mericle, 1957, 1959, 1961, 1962, 1963).
The study cons;sted of two parts, namely: (a) embryos
irradiated with 400 r X-rays at one of four different specific
stages of embryonic development, repeated at é;ch 6f three

35
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successive generations (Figure 1) and (b) dormant embryos of
dry seeds X-irradiated with one of five different dosages,
repeated at each of three successive generations, for compari-
son with developing embryos as well as to compare with earlier
work on dry seeds.

Handling of dry seeds for dormant
embryo irradiation

Lots of 100 dry seeds, equilibrated to 5§ to 10 percent
moisture content and selected for uniformity in siée were
used for each treatment. Seeds were stored at room temper-
ature and'brior to irradiation, moisture content of the grains
was stabilized over anhydrous CaClg for 1 to 2 weeks (Calde-
cott, 1956). For irradiation, all grains were oriented
embryo-side down and mounted on blotters by means of double-
gummed masking tape (Figure 2) in order for the embryos to
receive the best uniformity of absorbed does (Watson et al.,
1954). The mounted grains were sealed in petri dishes then
enclosed within plastic bags (Figure 3) and shipped to
Brookhaven National Laboratory for radiation treatment.
Control seed lots were handled in an identical manner except
for receiving irradiation. 1In addition, after‘the first
generation, 50 seeds of a uniform-sized control lot, as well
as 50 seeds from the previous generation which had not yet
been irradiated, were always included with the present
generation treatment as a double set of controls and also to

provide more data for comparison.



37

Figure 1. Diagram illustrating application of X-irradiation
to Hannchen barley embryos either during their
embryonic development or during dormancy in each
of three successive generations
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Figure 2. Photograph illustrating the position of Hannchen
barley seed during X-irradiation. (All grains
were oriented embryo-side down).
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Figure 3. Photograph illustrating method used to maintain
constant moisture of Hannchen barley seed during

shipment to Brookhaven National Laboratory for
X-irradiation.
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Figure 3
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For dry seed irradiations, a G. E. Maxitron 250 X-ray
machine with a beryllium window tube was used, physical
factors being 250 KVP, 30 ma, 1 mm Al filtration and a target
distance of 30 cm. Exposure doses of 4,000 r; 7,500 r;
12,500 r; 15,000 r; and 30,000 r were delivered to the
various seed lots at dose rates of 1,000 r per minute as
measured by a Victoreen Integron.

Upon return from Brookhaven National Laboratory, the
grains were germinated in replicates by rolling 10 seeds per
replicate in wet paper toweling. Prior to rolling, the
grains were positioned equidistant along a straight line 8
to 10 cm from the top of the toweling, with their long axes
parallel and vertical. Rolls were then placed upright in
glass jars with the lower ends immersed in approximately 1
inch of distilled water after which they were placed under
bell jars during seed germination. At the end of 5 days,
data were collected on germination lethality, semi-lethality,
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