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1. G E N E R A L I N T R O D U C T I O N 

1.1. MOTIVATION AND AIM 

Mutation induction is an increasingly important tool in the genetic improve­
ment of cultivated crops, especially of those with a long breeding-history; the 
breeder's aims are many and mutagenic treatment cannot yet be recommended 
for all applications. A thorough evaluation of the potentialities of mutation 
breeding in a given crop species is only possible by means of model selection 
and breeding experiments, with material subjected to various mutagens and 
dose levels, at different stages of ontogenesis. This requires, among other things, 
both standardised methods and growth conditions, and suitable biological 
criteria to assess the effects of mutagenic treatments. Such standardisation is 
impossible without knowledge of the responses of a species to various kinds of 
mutagens, in terms of survival, growth, development, fertility and mutability. 
Though these responses are qualitatively similar in diverse species of higher 
plants, their quantitative relationships may differ considerably. This applies not 
only to the various kinds of damage at the cellular and subcellular levels but 
also to the macroscopic manifestations, which are greatly influenced by the 
anatomical and morphogenetical features of the species at all stages of develop­
ment. For this reason, radiobiological investigations cannot be restricted to 
those species that are methodologically the most suitable for resolving funda­
mental problems (e.g. barley (6°- 72> 88, 145), Vicia <155> 196), Tradescantia 
(62, u s , 142,162,182)^ra}yici0pSis (5.* 56> and species with a 1-locus gametophytic 
self-incompatibility system ( 4 5 )) , but must be extended to the crop species in 
which mutation breeding is to be practised. 

The choice of the tomato for the present study was based on its economic 
and nutritional importance and on the probability that mutation induction 
will be of substantial value to its future genetic improvement in both qualitative 
and quantitative traits'1 •35> 36 ' 113 ' 1 2 6 ' 1 9 1 ) . 

The aim of this study was, in general terms, to contribute to the radio­
biological and technical knowledge of the tomato needed to devise standardised 
methods and procedures of seed conditioning, irradiation and culturing; and 
to identify characters which may be used as early indicators of radiation 
effectiveness, with a view to obtaining reproducible results in mutation induc­
tion experiments. 

1.2. MATERIAL AND VARIABLES 

For all experiments, use was made of cv. 'Moneymaker', which was, until 
recently, one of the most important tomato cultivars grown in the Netherlands. 
In one experiment, a second cultivar, 'Glorie', was used for comparison. 

The present experiments, carried out in the years 1965-1967, were concerned 
only with the effects of acute fast neutron irradiation on both dry and germi­
nating seeds. They were followed in 1968-1969 by similar experiments in 
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which the effects of fast neutrons were compared with those of high energy 
X-rays at different temperatures ; the results of these will be published sepa­
rately. 

The restriction of this programme to the effects of ionizing radiations on 
seeds was justified on the grounds that the action of chemical agents on the 
tomato has been studied extensively by others <89' 90 , 91 ' , and radiation effects 
on other ontogenetic stages have been the subject of complementary research 
programmes of the Association EURATOM-ITAL'33, 4 6 , 4 7 , 48 , 4 9 , 53 ' 54 ' 55), one 
of which involved a direct comparison with seeds'33'. 

Neutrons were chosen for the first series of experiments because their effects 
on dry seeds, in contrast to those of X- or y-rays, are little modified by external 
factors such as temperature, moisture content, oxygen availability during 
irradiation, the addition of S-H containing compounds and post-irradiation 
storage*27' *2- 59- 77- 81- 107- 135- 144- 145 ' 148). This fact is ascribed to the high 
average density, and therefore the rapid interaction, of ions and radicals pro­
duced by neutrons'59, 81- 121 , 145 , 171). As a result, this type of radiation is 
particularly suitable for studying the effects of endogenous variables. 

Dry seeds are generally regarded as suitable material for radiobiological 
experiments and for mutation breeding. Little is known, however, about the 
relative mutagenic efficiency of radiations on prehydrated seeds'145' and all 
detailed information available comes from experiments with X-rays'102'. 
Several studies, concerned only with characters of the irradiated generation, 
have shown important differences between X-rays and neutrons with regard to 
the changes in sensitivity during hydration'107 '172 '. Therefore, the period of 
seed hydration/germination prior to irradiation was chosen as the main variable 
in the present experiments. 

The space and labour requirements of the tomato are considerable. Its 
relatively long life cycle, the need to pursue experiments up to the second gene­
ration (M2) to obtain an indication of induced transmissible changes, and the 
large numbers of plants required per treatment imposed severe restrictions on 
the number of experiments. Nevertheless, the suitability of various methods of 
culturing could be explored by performing the successive experiments under 
partially different conditions. 
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2. GLOSSARY OF T E R M S A N D ABBREVIATIONS* 

a level of statistical significance 
b estimate of regression coefficient 
chromosomal concerning the integrity of the chromosomal structure 
cv. cultivated variety (cultivar) 
d.f. degree(s) of freedom 
Dj irradiation treatment (series) of dry seeds in experiment i 
DH2O fast neutron dose (dose rate) expressed as krad (krad/h) in 

water 
dose radiation - : a measure of the amount of radiation passing 

through a material; the unit of dose is the rad 
DRF dose reduction factor: factor by which the radiation dose, 

expressed as DH20, required to produce a specified biological 
effect is reduced by a given prehydration/germination 
treatment, relative to dry seeds 

ED50 dose, expressed as DH20, required to produce 50% of the 
maximum possible effect on a given character 

efficiency mutagenic - : the rate of increase per unit dose in the fre­
quency of recessive 'visible' mutations in relation to other, 
usually detrimental, biological effects such as reduction in 
survival, growth or fertility(cf' 147) 

effectiveness - of radiation: the magnitude of the response of a given 
character per unit dose of radiation 

electron an elementary particle which is a common constituent of all 
atoms, having a mass of 9.1091 X 10 - 2 8 gramme and unit 
negative electric charge 

erg 4.18 X 10~7 calory 
eV electron volt : 1.6 x 10"12 erg 
'fertile' - plant: possessing > 24 seeds in each of the 2 trusses 

harvested (2 fruits per truss) 
genetic concerning the hereditary material in an unspecified manner, 

i.e. genie or chromosomal 
genie concerning the genes, i.e. the DNA codons, but not the 

structure of the chromosomes 
germination protrusion of the radicle from the seedcoat 
GL tomato cv. 'Glorie' 
Hi irradiation treatment (series) of prehydrated seeds in ex­

periment i 
Hi , H3, etc. irradiation treatment (series) of seeds prehydrated for \ hour, 

3 hours, etc. (exp. 4 only) 
IAEA International Atomic Energy Agency, Vienna 

* Some terms and abbreviations are defined only with reference to the present text. 
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keV 
krad 
LET 

log/normal proba 
bility paper 
M , 
M2 

MM 
mutant 

mutation 

68 ) 

as 

initial cell cell in the shoot or root meristem of an embryo or seedling 
at the time of irradiation which contributes to the formation 
of an organ or tissue 

ionization the liberation of an electron from an atom or molecule, 
resulting in a free electron and a positive ion 
103eV 
103 rad 
linear energy transfer: the amount of energy deposited by 
a traversing quantum or particle in the irradiated object per 
micron track length (keV/jxm); the biological adequacy of 
this concept is challenged in the most recent literature ( 18 , 

but no satisfactory alternatives are yet available 
• as normal probability paper (see below) but with log x 
abscissa 
(of the) irradiated generation 
(of the) selfed offspring of irradiated individuals 
tomato cv. 'Moneymaker' 
M2 individual carrying a mutation (often used to refer only 
to recorded mutants, i.e. those carrying a mutation with 
visible expression at the M2 seedling stage) 
genetic change provoking, in the selfed offspring of an 
irradiated individual of an inbred line, a phenotypic segrega­
tion not readily distinguishable from that of a single gene 
1) number in a group or sample ; 2) nitrogen 
a nuclear particle having the approximate mass of a proton 
(mn = 1.6748 X 10"24 gramme) and being electrically 
neutral 
a specially ruled graph paper with a variate x as abscissa 
and an ordinate y scaled in such a way that the graph of the 
distribution function, y, of the normal distribution, is a 
straight line(103) 

lowest value of the level of statistical significance a leading 
to a rejection of the null hypothesis; P is a stochastic variable 
a nuclear particle having the mass of a hydrogen nucleus 
(mp = 1.6725 x 10"24 gramme) and unit positive electric 
charge 

quantal character character giving an all-or-none response to a stimulus 
Tj, j sample correlation coefficient between characters i and j 
?i, j mean sample correlation coefficient, obtained after z trans­

formation of individual r-values and backtransformation 
2 j (67, table VIIi) 

rad a unit of radiation dose defined as the amount of radiation 
which leads to an absorption of 100 erg in 1 gramme of the 
material 

N 
neutron 

normal proba­
bility paper 

P 

proton 
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recovery* repair plus cell elimination and cell replacement, plus the 
diminution, in the course of growth and development, of the 
physiological consequences of damage to the early organs 

repair* all processes leading to the elimination of radiation injury 
at the intracellular level 

restitution the joining of chromosome fragments resulting from the 
samebreak<181) 

reunion the joining of chromosome fragments resulting from different 
breaks«181 > 

root primary root, unless otherwise stated 
S.E. standard error : estimated standard deviation 
shoulder that part of the dose/response curve corresponding to an 

absence of negative response 
SR sensitivity ratio: average response to fast neutrons of cv. 

'Glorie' relative to cv. 'Moneymaker' with regard to a given 
character 

stem hypocotyledon + stem up to the main shoot apex, unless 
otherwise stated 

sublethals M2 seedlings of such low vigour that they are unsuitable for 
recognising distinct mutant characteristics; usually lethal at 
an early stage 

sublethal dose dose of radiation leading to a very high proportion of 
individuals with a permanently arrested or grossly disturbed 
main shoot apex 

threshold dose the highest radiation dose at which there is no detrimental 
effect on the character studied 

* A different terminology has recently been suggested by ALPER et al. <4) to overcome the 
confusion in the use of the terms 'recovery' and 'repair', but the new terminology is not yet in 
general use. 
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3. I R R A D I A T I O N AND D O S I M E T R Y 

3.1. INTRODUCTION 

The interactions of fast neutrons with matter have been thoroughly described 
in most radiation physics textbooks'6, 64). Consequently, only those charac­
teristics which are of fundamental importance for understanding the action of 
fast neutrons on biological material will be discussed; for further information 
reference may be made to LEA ( 1 1 5 ) , GILES (77 ) , SPARROW*174 ' and BARENDSEN<9). 

Fast neutrons, having, by definition, an energy > 10 KeV, interact in tissue 
mainly by elastic collisions with C, H, N and O nuclei. In most biological 
material the reaction with H, which produces recoil protons of varying kinetic 
energy, accounts for as much as 85-95% of the total dose absorption'95'. The 
recoil protons have a very low penetration (e.g., 600 keV protons travel only 
15 microns in tissue having a specific density of 1.0) but on their path produce 
a dense track of ionisation, caused by ejections of electrons ; these electrons in 
turn cause the ejection of low-energy secondary electrons with low penetration. 
Consequently, the path of a fast neutron is surrounded by a dense 'column' of 
primary and secondary ionisations at very close proximity. The heavier recoil 
ions of C, N and O have an even lower penetration and consequently produce 
even denser ionisation tracks. Other reactions are not relevant in the present 
context. 

Until recently most workers applying neutrons to higher plants ignored the 
dose absorption characteristics of their material and the physical charac­
teristics of the radiations used ; dosimetrical data were given in a wide variety 
of units, frequently without reference to the methods employed. It is thus 
difficult to compare results in most of the literature dealing with fast neutron 
irradiations of plants. This difficulty is aggravated by problems arising from 
the widely different types of neutron source used. In principle, mono-energetic 
neutrons from an accelerator are the most suitable for biological experiments. 
Nevertheless, for both research and applied purposes, the most commonly 
available source, a nuclear reactor, must usually be relied on. This is in spite 
of the wide energy distribution and the y-contamination of its beam and the 
resulting very complicated dosimetry and spectrometry. The comparison of 
experiments carried out in different reactors is hampered by differences in 
neutron output, in neutron spectrum and in the proportions of contaminating 
radiation. Other complicating factors include differences in construction of the 
neutron facility which lead to differences in both the geometry of the irradiated 
specimens and the control of environmental conditions before, during and 
shortly after irradiation. Consequently, even with a full description of all 
relevant factors and circumstances, it may still be impossible to obtain an 
accurate reproduction of experiments with a different reactor. This problem 
can be partly overcome by monitoring with a standard biological material, 
such as Himalaya barley, for which a system is now being developed'95, 96). 
However, this presupposes a high degree of reproducibility of results at any 
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given site, and this can be achieved only by rigorous standardisation of both 
the experimental procedures and the test material. 

The aim of the present chapter is to provide dosimetrical data relevant to 
irradiated dry and germinating tomato seeds. As far as possible, the recent 
IAEA recommendations on dosimetry reporting, briefly enumerated below, 
will be followed. While descriptions of both the irradiation facility and the 
physical dosimetry were available in published papers, information on the 
characteristics of dry and germinating tomato seeds relevant to fast neutron 
dosimetry was lacking, and had to be obtained experimentally. The doses 
absorbed in the various irradiated materials could subsequently be calculated 
from the physical and biological data. 

3.2. I A E A RECOMMENDATIONS ON DOSIMETRY REPORTING 

In 1967, the IAEA convened a study group to deal with both the problems 
of neutron dose measurement in biological experiments and the method of 
their reporting. This group recommended that the following information should 
be obtained and reported in all papers dealing with neutron seed irradia-
t i o n < 9 5 , 9 6 ) . 

a. the characteristics of both the neutron facility and the container or apparatus 
holding the seeds during irradiation; the irradiations must be performed in 
either an adequately isotropic field or a beam ; 

b. the neutron flux densities and spectral distribution ; 
c. the absorbed neutron doses (dose rates) expressed in rad (rad/h), either 

specifically for the objects irradiated, or estimated by reference to a material 
of known atomic composition, e.g. H 2 0 ; 

d. the absorbed doses due to contaminating radiations expressed in rad (rad/h); 
e. the atomic composition of the irradiated objects, preferably the embryos 

rather than the whole seeds, for at least B, C, H, N and O in thermal neutron 
irradiations and for at least H (but if possible also C, N and O) in fast neu­
tron irradiations; 

f. the correlation between the data under (b) and (c) and a standard biological 
effect such as the reduction in growth of the 1st leaf of Himalaya barley 
equilibrated at 13% moisture. 

When the present experiments were conducted it was not yet possible to 
supplement the physical and chemical dose measurements with a biological 
monitoring system. Information on (f) is consequently lacking. The other data 
are given in the following sections. 

3.3. IRRADIATION FACILITY: REACTOR BARN 

The 'Biological Agricultural Reactor Netherlands' (BARN) is a swimming 
pool reactor with light water as moderator and coolant, with 90% enriched 
235U as fuel, operating at a maximum permissible power of 100 kW; its most 
important feature is a 5 X 7 m climate controlled chamber below the reactor 
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core, separated from the latter by a D 20 diffusor, and by 2 bismuth shields to 
filter out most of the contaminating y-radiation(14). In the present experiments, 
the irradiations were performed with all D 2 0 dumped from the diffusor. In this 
way, a fast neutron beam is obtained with only a small admixture of thermal 
neutrons. Most of the latter are captured by a boron layer, placed between 
the 2 bismuth shields. 

The fast neutron spectrum of the BARN reactor does not differ radically 
from a fission neutron spectrum and it may be presumed that biological results 
obtained with these two spectra will be directly comparable*25' 26). 

3.4. CONDITIONS OF PRETREATMENT AND IRRADIATION 

The irradiation experiments were performed with both dry seeds and seeds 
prehydrated/germinated for various durations at 27 ± 0.25 °C on a 3 mm layer 
of 0.75% agar + 0.1% KN0 3 in 9 cm polycarbonate petridishes, under ca 
11,000 lux of Philips TL33RS + Philinea, measured inside the dishes. The 
KN0 3 was added to the agar in order to improve the uniformity of germination 
speed«30' 97). 

The dishes containing prehydrated or germinated seeds were sealed, without 
lids, in thin polyethylene foil. The dry seeds were sealed directly in thin polye­
thylene foil and then placed in open petridishes with agar. In this way a compa­
rable geometry was obtained for all specimens. The dishes were placed on a 
polypropylene box standing on a wooden structure in the centre of the irradia­
tion chamber; the height from the floor was 1.20 m in exps. 1-3 and 2.20 m in 
exp. 4. 

The fast neutron irradiations took place under ca 9000 lux of Philips TL33RS 
at 23 °C, at a reactor power of 100 kW. 

3.5. PHYSICAL DOSIMETRY 

The irradiation treatments were expressed initially as minutes exposure. 
These data were converted to rad doses in water on the basis of the most recent 
spectral and dosimetry date<25). The fast neutron dose rates were measured using 
two types of ionisation chamber, and were also calculated from the spectral 
distribution determined with semiconductor sandwich detectors; these different 
methods yielded similar results. The y-contamination was determined using a 
Mg-A ionisation chamber. All ionisation chambers were calibrated with a 
137Cs source. The dose rates, expressed as rad/h in water (DH20), were shown 
to be: 

Height from 
floor 

1.20 m 
2.20 m 

D H 2 O 

fast neutrons 

1000 ± 5 % 
2800 ± 6 1 % 

(rad/h) 

Y-radiation 

80 
160 

Experiment 

1,2,3 
4 
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3.6. CHANGES IN GERMINATING TOMATO SEEDS RELEVANT TO 

FAST NEUTRON DOSIMETRY 

3.6.1. INTRODUCTION 

In order to calculate the fast neutron doses actually absorbed by the irradiated 
specimens, the changes in water content, dry weight and elementary com­
position (C, H, O, N and Ash) of untreated tomato seeds and their constituent 
parts were determined during germination and early seedling growth. The 
pattern of water movement inside the seeds was also studied. 

3.6.2. MATERIALS AND METHODS 

Seeds of cv. 'Moneymaker' reselection no. 83 (Nunhem Seeds Ltd., Haelen, 
Netherlands), equilibrated at 6.5% moisture and stored at — 23 °C, were 
selected for uniformity in size, normal appearance and the absence of visible 
damage; their 100-seed weight was 363 mg. 

These seeds were sown in 9 cm polycarbonate petridishes with 0.75 % agar 
+ 0.1 % KN0 3 , ca 120 seeds per dish, and incubated as in section 3.4 (p. 12). 
After 96 hours, the lids were raised to allow the seedlings to grow undisturbed, 
and water was added to prevent desiccation. The experiments were continued 
until 144 hours after sowing. 

At regular intervals, 4 independent samples, each of 25 seeds or seedlings, 
were taken. The seeds or seedlings were dried of adhering water with filter 
paper. The specimens were then transferred immediately to a small weighing 
bottle, weighed on an automatic analytical balance, dried for 1 week under 
high vacuum (0.01 mg Hg) at room temperature and weighed again. The water 
contents were expressed as percentages of dry weight. 

Water uptake in the embryo was studied by taking 4 independent samples of 
20 seeds at each sampling time. Working in a room with high relative humidity, 
one seed at a time was taken from its petridish, blotted gently on damp filter 
paper and fixed in a clamp made of two 3 X 12 mm pieces of thin perspex 
connected by means of adhesive tape. The seed was then immediately cut in 
half along the 'horizontal' plane with a sharp razor blade. Both seed halves 
were laid on the damp filter paper, seedcoat down, and the embryo halves lifted 
out with a fine preparation needle. All embryos belonging to one sample were 
collected in a stoppered miniature weighing bottle (1 cm3) and weighed. The 
seedcoat + endosperm halves of each sample were also collected, dried and 
weighed; their water contents were calculated from the corresponding data on 
whole seeds and embryos. The time needed to prepare one sample was 3-4 
minutes. 

The seedlings taken 72-144 hours after sowing were cut into 3 parts (roots, 
hypocotyledons and cotyledons) which were weighed separately. All samples 
were dried for 1 week under high vacuum at room temperature and weighed 
again. 

The 4 replicates of the dried samples corresponding to germination times of 0, 
24, 48, 72, 96 and 144 hours, were then combined to make one sample per 
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germination time. The embryos (0-48 hours) were powdered in a watch glass 
with a spatula; the roots, hypocotyledons and cotyledons (72-144 hours) and 
the seedcoats (0-72 hours) were finely cut with a razor blade on a glass plate. 
The samples were then kept under vacuum for at least 1 further day and analysed 
for their composition of C, H, N and Ash (W. P. Combé, Micro-analytical 
Dept., Lab. for Organic Chemistry, Agric. Univ., Wageningen). The determina­
tions on N were done once, those on C and H were duplicated and those on 
Ash were done three times. The O contents could not be determined due to the 
presence of interfering elements, but their maxima (Omax) were calculated by 
subtracing the total percentage of the 4 components analysed from 100%. 

The water movement inside the seed was studied by soaking seeds in water 
coloured with erythrosine or eosine ; this was preceded by a 2 hour treatment in 
concentrated KOH to render the cuticle between seedcoat and endosperm 
permeable to the dyes. This drastic treatment did not cause detectable damage 
to the tissues. At various time intervals, seeds were blotted, cut in half and 
inspected under a binocular microscope. 

3.6.3. WATER UPTAKE AND GERMINATION 

The water uptake in whole seeds (fig. 1) was extremely rapid during the 1st 
hour. It then proceeded somewhat irregularly, at a much lower rate, until the 
7th hour, after which the rate of increase diminished steadily until the 12th 
hour. Subsequent water uptake was extremely slow until ca 6 hours after the 
first visible germination ( f ), after which it proceeded exponentially. 

Fig. 1 also shows the water uptake in the seedcoat + endosperm and the 
embryo separately. Water uptake in the seedcoat + endosperm was extremely 
rapid during the 1st hour, probably due chiefly to imbibition of the seedcoat 
proper. Nevertheless, in the embryo, a slight but significant increase in water 
content was noted as early as 1 hour after sowing, indicating that some water 
must have penetrated through the cuticle between the seedcoat and the endo­
sperm (for tomato seed histology see ESAU ( 6 1 )) . During the following hours, 
both the endosperm and the embryo imbibed gradually ; this seemed to proceed 
linearly over the first few hours and then at a progressively lower rate. In the 
seedcoat + endosperm, the water content was almost stationary over the 
period 24-36 hours but this was followed by a slight further increase, probably 
due to a further imbibition by the endosperm, after the rupturing of the seed­
coat. 

Because the endosperm could not be separated from the seedcoat without 
disturbing the water content, the water uptake could not be determined for 
these components separately. However, the seedcoat, which made up only 
ca 30 % of the total dry weight of seedcoat + endosperm, was undoubtedly 
responsible for most of the water uptake during the first hour after hydration, 
i.e. for ca 2/3 of the total uptake in seedcoat + endosperm prior to germination. 
Thus, the seedcoat possessed a much higher water content than the endosperm 
at all stages prior to germination. The parallelism of the curves for seedcoat + 
endosperm and embryo from the 2nd hour of hydration until visible germination 
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FIG. 1. 

suggests that water uptake in the endosperm proper was similar to that in the 
embryo. The water uptake in the embryo proceeded approximately linearly 
over the first 4 hours and then at a progressively lower rate, to reach a 'plateau' 
at 50-52%, approximately 21 hours after sowing. The end of this 'plateau', 
after 30 hours of incubation, corresponded with the germination of the first 
seeds ( t ). From then on, the water content increased exponentially (table 1). 

TABLE 1. Water content (% of dry matter) of embryos/seedlings and their constituent parts 
up to 144 hours after sowing; 50% germination = 40 hours after sowing. 

Hours after 
sowing Whole 

seedlings 

Water Content 

Roots 
Hypo-

cotyledons Cotyledons 

30 
72 
96 

144 

51-J-
355 
603 

1646 

925 
1835 
1739 

700 
1192 
2422 

132 
185 
954 

It can be assumed that the different parts of the embryo have about the same 
water content at the onset of germination (50-52%). It may then be inferred 
from table 1 that the exponential increase in water content which follows 
germination commences first in the roots, then in the hypocotyledons, and 
only much later in the cotyledons. This sequence corresponds to the sequence 
of emergence of these organs from the seedcoat. After 48 hours, most roots but 
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only a few hypocotyledons were visible. After 72 hours, all hypocotyledons 
were completely exposed, while the cotyledons were still enclosed. After 96 
hours, the roots were 8-20 mm long and the hypocotyledons 15-20 mm, but in 
most seedlings only the lower parts of the cotyledons were visible. After 144 
hours, the roots were up to 34 mm long and the hypocotyledons about 25 mm ; 
the cotyledons were fully visible at this stage, but were held together at their 
tips by the seedcoat. 

The restrictions in water uptake by the embryo before germination are 
chiefly of mechanical nature and are caused by its confinement within the 
seedcoat. This is shown by the fact that excised embryos absorb water at a 
higher rate than those in intact seeds. During the later stages of germination, 
however, metabolic processes lead to considerable forces in the embryo (due to 
increasing osmotic pressure and possibly the swelling of colloids) and the 
initiation of cell elongation'40'. This causes the rupture of the seedcoat and 
permits rapid water uptake. The importance of these forces is illustrated by the 
fact that the growth of weak seedlings is considerably improved by manual 
removal of the seedcoat. 

The techniques for determining the water content of whole seeds and embryos 
proved satisfactory. The low standard deviations showed that 4 samples of 
25 seeds were adequate to take into account the large variation in water uptake 
between individual seeds. These differences are ascribed to variation in the 
cuticle permeability, the embryo size, the amount of endosperm and the 
arrangement of the cotyledons within the seed. 

The movement of the absorbed water inside the seed, inferred from the 
migration of water-soluble dyes, appeared to be gradual. It started at the point 
where the endosperm was the thinnest and there was no indication of rapid 
movement by capillary action to the shoot apex or to any part of the embryo. 

Germination (fig. 2) was rapid and uniform. This may be attributed 
to the high germinative power of the seeds, the germination-promoting effect 
of KN03

<29 , 30, 97 , 106, 184), and the various advantages of an agar medium 
over other substrates, which are<29): 

germination ("/o) 

100 

50 60 70 8 0 
hours after sowing FIG. 2. 
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i. a strictly reproducible chemical composition and moisture content ; 
ii. a homogeneous distribution of water and nutrients within the dishes, even 

when these are placed at an angle to promote uniformity of root growth; 
iii. a large reserve of potentially available water in each dish, without immer­

sion of the seeds ; this permits many seeds/dish without risk of desiccation ; 
iv. a homogeneous physical composition and smooth surface which does not 

obstruct the root tips ; 
v. transparency, which permits examination and recording with closed 

dishes; 
vi. freedom from root damage at transplanting, even when the roots have 

penetrated the substrate. 

3.6.4. INCREASES IN DRY WEIGHT AND CHANGES IN ELEMENTARY COMPOSITION 

The average dry weights of seedcoat + endosperm and embryo are given in 
the right hand part of table 2 (left hand part to be used only for subsequent 
calculations). 

TABLE 2. Mean water content ( % of dry matter) and dry weight (mg) per seedcoat + endo­
sperm (S + E) and per embryo or seedling (Em). 

Hours after 
sowing 

0 
1 
3 
6 

12 
24 
36 
48 
72 
96 

144 

Water content 

S + E* Em 

4 i 9i 
96 m 

106 22 
127 28i 
137 41 
146 49 
149 57 
161 105 
192 355 

603 
1646 

Dry 

S + E 

2.13 
2.11 
2.13 
2.11 
2.11 
2.10 
2.13 
2.09 
1.51 
1.02 
0.99 

weight per 

Em 

1.29 
1.29 
1.29 
1.30 
1.29 
1.30 
1.31 
1.33 
2.02 
2.64 
3.02 

* calculated 

No changes occurred until after germination (48 hours after sowing). From 
then on, the dry weight of the seedcoat + endosperm decreased. The total dry 
weight reduction was 1.14 mg at 144 hours after sowing; this amounts to 53 % 
of the initial dry weight of seedcoat + endosperm or 75 % of the initial dry 
weight of the endosperm. The main reduction occurred between 48 and 96 
hours. The dry weight of the embryo increased by as much as 1.71 mg over the 
same period. This increase includes the amount of dry matter resorbed from 
the endosperm, which is 1.14 mg less the quantity lost by respiration. The 
resorption took place chiefly during the 48 hours following visible germination. 
During the greater part of this period the embryo also synthesized some new 
dry matter, notwithstanding the fact that the cotyledons were still enclosed in 
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the seedcoat. This initial, de novo synthesis can be attributed to the hypo-
cotyledon which under illumination forms chlorophyll as soon as it protrudes 
from the seedcoat. With the emergence of the cotyledons, the synthetic activity 
of the embryo increased greatly. 

Differences occurred between the various organs (table 3). 

TABLE 3. Mean dry weight (mg and % of Em) of a single embryo or seedling (Em) and of its 
constituent parts : root (R), hypocotyledon (H) and cotyledons (C). 

Hours after 
sowing 

30 
72 
96 

144 

Em 

1.31 
2.02 
2.64 
3.02 

R 

mg 

—0.58-
0.09 
0.26 
0.73 

H 

0.32 
0.68 
1.03 

C 

0.73 
1.62 
1.70 
1.26 

R 

4 
10 
24 

-44-

°/ 
/o 
H 

15 
26 
34 

C 

56 
80 
64 
42 

The dry weight of the root and the hypocotyledon decreased considerably 
after germination, up to ca 72 hours after sowing. From then onwards, the dry 
weight of the root increased exponentially, while that of the hypocotyledon 
increased rapidly at first and at a lower rate thereafter. In contrast, the dry 
weight of the cotyledons started to increase at a much earlier stage (ca 48 hours 
after sowing, cf. table 2) and reached a maximum at ca 96 hours (i.e. when the 
resorption of endosperm substances had been virtually completed) ; thereafter, 
it decreased markedly. These changes are explained as follows. 

The initial loss in dry matter from the root + hypocotyledon after germina­
tion was undoubtedly due predominantly to respiration associated with the 
provision of energy for the germination processes and early growth. At this 
time, neither the transport of stored nutrients from the cotyledons nor photo­
synthesis had started. The data suggest that up to 72 hours from sowing all 
endosperm dry matter absorbed by the embryo was present in the cotyledons. 
Subsequently, however, there was an active redistribution of metabolites from 
the cotyledons to the other parts of the embryo, and this continued until at 
least 48 hours after the completion of endosperm resorption. 

The results of the elementary composition analyses are shown in table 4. 
Changes were slight and inconsistent during the first 48 hours, i.e. until well 
after visible germination, except for noticeable increases in N which were due 
to KN0 3 absorption from the substrate. Subsequently (72-144 hours), the C 
and H contents decreased and the N, Omax and Ash contents increased in both 
the seedlings as a whole and all components separately (except for N in the 
seedcoat + endosperm). These changes can be attributed partly to the oxidative 
breakdown of lipids and carbohydrates in the endosperm and the embryo106, 

123, 149) a n c j partiy to KNO3 uptake; however, many other metabolic changes 
are known to be involved. The increases in Ash resulted mainly from K uptake 
from the medium, although resorption of various elements from the endosperm 
was probably also involved. The increases in Ash are, however, exaggerated by 
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TABLE 4. Elementary composition of seedcoats + endosperm, embryos/seedlings and their 
constituent parts, in weight percentages of the dry matter. 

Material 

Seedcoats + endosperm 

Embryos 

Whole seedlings* 

Roots 

Hypocotyledons 

Cotyledons 

Hours 
after 

sowing 

0 
24 
48 
72 
96 

144 
0 

24 
48 
72 
96 

144 
72 
96 

144 
72 
96 

144 
72 
96 

144 

C 

51.7 
52.9 
52.5 
49.7 
48.2 
48.5 
59.1 
59.3 
58.5 
55.6 
51.1 
38.8 
40.2 
36.8 
37.9 
53.3 
44.5 
33.5 
56.9 
55.8 
43.7 

H 

7.8 
7.8 
7.9 
7.4 
7.1 
7.1 
8.8 
8.9 
8.9 
8.6 
7.9 
6.2 
6.7 
5.8 
5.8 
8.5 
7.0 
5.6 
8.7 
8.6 
6.9 

N 

4.8 
5.1 
5.2 
5.5 
5.1 
5.2 
5.1 
5.7 
5.8 
5.4 
5.9 
6.2 
5.4 
8.1 
4.5 
4.8 
5.4 
5.9 
5.5 
5.7 
7.5 

vrtiax 

32.3 
30.7 
30.9 
32.8 
36.6 
34.1 
20.9 
20.1 
20.8 
24.9 
28.6 
36.6 
36.1 
34.7 
39.1 
27.0 
34.9 
36.7 
23.8 
25.1 
35.1 

Ash 

3.4 
3.6 
3.5 
4.6 
3.1 
5.2 
6.0 
6.1 
6.0 
5.6 
6.6 

12.2 
11.7 
14.7 
12.8 
6.3 
8.3 

18.3 
5.1 
4.7 
6.9 

* calculated from constituent parts 

the complete oxidation of these elements during the combustion of the samples. 
The Omax contents were estimated by subtracting the C, H, N and Ash con­

tents from 100%; these values may therefore include small proportions of 
halogens, P, S and some other elements due to their disappearance in dissociated 
form at high temperatures (850°C). A more important source of error arises 
from the fact that some oxygen from the sample will be used in the ashing 
process. This leads to a progressive underestimation of the Omax content with 
increasing germination time. This means that Omax increased more than the 
data indicate. 

In the seedlings as a whole, the main changes occurred from 96-144 hours 
after sowing, i.e. after the resorption of the endosperm and during the earliest 
phase of independent growth. In the roots, the main changes seem to have 
occurred at a much earlier stage as C and H were already very low, and Omax 

and Ash very high, in the 72 hour sampling (deviations from the general trends 
in the 96 and 144 hour samplings require confirmation). In the hypocotyledons, 
the most pronounced changes occurred at 72-96 hours, except for the major 
increase in Ash which occurred at about 144 hours after sowing. In the cotyle­
dons, rapid changes commenced at 96-144 hours after sowing. The timing of 
these changes in the various organs is a measure of their metabolic activity and 
is closely related to the increases in water content (cf. table 1). 
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The composition of the seedcoat proper probably did not change appreciably 
during the sampling period (except for an increase in N). At the end of this 
period, ca 53 % of the dry matter of seedcoat + endosperm had been resorbed 
by the embryo. On this basis it may be inferred from a comparison of the 0 and 
144 hour data, that, in the resorbed part of the endosperm, the contents of C 
and H were somewhat lower than in the embryo, the N content was similar, 
the Omax content was substantially higher and the Ash content was considerably 
lower. 

The large differences in dry matter composition between the roots, the hypo-
cotyledons and the cotyledons at the specific stages considered are of obvious rele­
vance to fast neutron dosimetry. However, their importance can only be assessed 
by considering the water contents also. This subject is discussed in section 3.7. 

3.7. DOSE ABSORPTION IN THE BIOLOGICAL MATERIALS 

The preceding data permit the calculation of the fast neutron doses absorbed 
in the various biological materials, relative to those in water (DH2o)> as follows. 
The dry weight percentages of C, H, N and O (table 4) were multiplied by 
the following factors(96) : 

C 0.0015; 
H 0.1120; 
N 0.0014; 
O 0.0012. 

The resulting products were added; the total, which represents the dose in 
rad in the specimen corresponding to 1 rad in acetylene, was divided by 1.35 to 
obtain the dose in rad in the specimen corresponding to 1 rad in water ; let this 
be A. Further, let the water content be e, in % of dry matter (tables 1 and 2). 
The dose absorbed in the biological specimen is then : 

100 A + s ^ , 100 A + s , . 
X DH,o, where may be called the specimen dose correc-

100 + E 2 100 + s F 

tion factor'. This calculation was performed for all specimens in which the 
elementary composition had been analysed, and for the 1, 3, 6 and 12 hour 
samples. The dry matter composition of the 0 hour specimen was regarded as 
representative of the 1, 3 and 6 hour samples, whereas the mean composition 
of the 0 and 24 hour specimens was used for the 12 hour samples. The resulting 
values are shown in table 5, together with the same data expressed as percentages 
of the corresponding dry sample values. 

The lowest specimen dose correction values were those for the dry materials. 
Marked increases occurred in the course of germination; however, even the 
highest values were less than unity, indicating a lower energy absorption than 
in water. 

In dry seeds, the absorbed dose was higher in the embryo than in the seedcoat 
+ endosperm. This position was reversed within the lste hour of hydration due 
to the rapid water uptake in the latter. However, 48 hours after sowing, the 
embryo had again the highest absorbed dose owing to its rapid water uptake 
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TABLE 5. Absorbed fast neutron dose relative to that in water, in the constituent parts of dry 
and germinating tomato seeds and young seedlings, and the same data as percentages 
of the dry sample values. 

Hours after 

0 
1 
3 
6 

12 
24 
48 
72 
96 

144 

72 
96 

144 

Seedcoats + 
endosperm 

.752 

.868 

.874 

.886 

.889 

.892 

.902 

.899 
-
-

.965 

.977 

.976 

/ o 

100 
115 
116 
118 
118 
119 
120 
120 

-
— 

Roots 

% o f E m 0 

115 
116 
116 

Embryos or 
seedlings (Em) 

.841 

.845 

.857 

.864 

.877 

.886 

.916 

.956 

.964 

.977 

/ o 

100 
101 
102 
103 
104 
105 
109 
114 
115 
116 

Hypocotyledons 

% o f E m 0 

.974 

.974 

.982 

116 
116 
117 

Cotyledons 

%ofEmn 

.919 109 

.931 111 

.968 115 

following germination; from this time onwards, the absorbed dose in the 
seedcoat + endosperm became constant or even declined. In young seedlings 
the absorbed dose was consistently higher in the roots and hypocotyledons 
than in the cotyledons. However, these differences became less with time. The % 
data relative to the dry sample values logically show the same trends. In con­
clusion, the data demonstrate that gross errors in both absolute and relative 
dosimetry may arise if the elementary composition of the biological targets is 
disregarded. 

When considering these data in conjunction with those of the previous section, 
it appears that the dose absorption values are determined almost entirely by 
the water contents of the various specimens and the H contents of their dry 
matter. A similar conclusion was reached by CONTANT et al.(33) on the basis of a 
comparison of relative rad doses in dry embryos, small flower buds (85.5% 
H20) and dry pollen (2.8% H20) of tomato, which were 1.13, 1.28 and 0.94 X 
the rad doses in acetylene ( = 0.84, 0.95 and 0.70 X DH20), respectively. This 
conclusion is also in agreement with CONSTANTIN and OSBORNE*28' who per­
formed analogous calculations on seeds of 10 different plant species and found 
that the conversion factors, which ranged from 0.83-1.23 relative to the tissue 
rad dose in air ( = 0.911 DH20) were almost perfectly correlated with H content. 

Nevertheless, the C and O contents should not be disregarded in calculating 
rad doses. Although the contribution to the neutron dose per weight % of these 
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elements is low, compared with that of H, their large proportions in biological 
materials (C especially in dry and O especially in hydrated objects'33') cause a 
combined dose contribution of 8-9%. The N content is usually low and its 
dose contribution of minor importance. However, the following procedure 
accounts for all 4 elements discussed, without the separate determination of O 
and N, by making use of the fact that the dose contribution per weight % is very 
similar for these elements (p. 20). The water content of the irradiated object 
and the C, H and Ash contents of its dry matter should be accurately determined ; 
from these data the C, H and Ash contents in the 'fresh' samples can be calcu­
lated. The pooled N + O content may then be estimated by subtracting the 
sum of the former values from 100%. In calculating the absorbed dose the 
multiplication factor for O (0.0012) may be considered to apply approximately 
to the total content of N + O. Inaccuracies in the correction factors for dose 
absorption determined in this way are less than 1 %, even when the estimated 
N + O content contains an error of several percent. 

In addition to the relative absorbed dose, the relative amounts of radiation 
energy absorbed per meristem or per meristem cell may also be of value in 
interpreting the results of radiosensitization experiments. Because the changes 
in weight and elementary composition of individual meristem cells during 
hydration are unknown, they are represented by the changes occurring in the 
embryo as a whole. This is only possible prior to the rupture of the seedcoat, 
because from then on the weight increase of the embryo is caused chiefly by 
the enlargement of differentiated cells. Therefore, no estimates are available for 
the 72-144 hour pregermination treatments; in fact, some bias may even be 
expected after 48 hours. In order to estimate the necessary parameters, the 
amounts of energy absorbed per embryo per krad in water were calculated 
first. This was done by multiplying the rad doses by 100 to obtain erg/g, and 
then by the fresh weights per seedcoat + endosperm or per embryo in g calcu­
lated from table 2. These products X 1000, which represent the energy (erg) 
absorbed per object per krad in water, are shown in table 6, together with the 
same data expressed as percentages of the corresponding dry sample values. 
These percentage data also represent the relative amounts of energy absorbed 
per cell. 

TABLE 6. Energy per krad in water (erg and % of dry sample value), absorbed per seedcoat + 
endosperm and per embryo or seedling. 

Hours after 
sowing 

0 
1 
3 
6 

12 
24 
48 

Seedcoat + endosperm 

erg 

168 
359 
384 
424 
445 
461 
493 

°/ 
/o 

100 
214 
229 
253 
266 
275 
295 

Embryo or seedling 

erg % 

118 100 
123 104 
135 114 
144 123 
160 135 
172 146 
250 212 
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The energy absorption/cell increased consistently in the course of germination, 
as expected. In the seedcoat + endosperm this increase was very rapid during 
the first hour up to a value of 214%, after which there was a further gradual 
rise to 295% after 48 hours. In the embryo, the increase was more gradual; a 
value of 146% was reached after 24 hours and probably a slightly higher value 
just before the onset of germination. After germination, the relative energy 
absorption/embryo increased rapidly due to the elongation of the differentiated 
root cells but this was no longer a measure of the relative energy absorption per 
meristem cell, and the value of 212% after 48 hours is undoubtedly an overesti-
mation. 

These data will be used in connection with the changes in radiation effective­
ness during germination which were observed in the experiments presented in 
the next chapter. 
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4. R A D I A T I O N EFFECTS 

4.1. INTRODUCTION 

The aim and scope of the present experiments were outlined in chapter 1. 
The main variable was the duration of seed germination prior to irradiation. 

Four experiments will be considered in detail. By way of exploration, the 
conditions of culturing were varied between experiments after the petridish 
stage, because it was impracticable to investigate experimental conditions as a 
variable within each experiment. The experiments 1 and 2 were carried out in 
growth chambers but in containers of different size and depth entailing differ­
ences in nutrient supply; experiment 3 was performed in a greenhouse under 
optimal conditions. The methods and conditions of culturing of experiment 4 
were based on conclusions derived from the preceding experiments. 

Because of space restrictions, the experiments 1 and 2 had to be limited to the 
preflowering stage of the irradiated generation (M^ and to one cultivar; 
experiment 3 could be pursued up to the seedling stage of the selfed offspring 
(M2) and involved two cultivars. These experiments comprised, in addition to 
dry seeds, only one prehydration treatment. Experiment 4 was designed to 
elaborate the results of the preceding experiments and involved a wide range of 
prehydration/germination times. 

Adequate knowledge of the shape of the dose/response relationships for 
various Mx and M2 characters, and of factors influencing these shapes, is 
essential for the efficient handling of seeds and plants irradiated with a view to 
mutation induction. In particular, any attempt to predict the mutagenic value of 
a radiation treatment from early Mj characteristics requires a fair degree of 
constancy in the dose/response relationships. Accordingly, this subject is 
given considerable attention (section 4.3). 

An analysis of the causes of differences in the effectiveness of radiation on 
characters with different dose/response relationships was not attempted. How­
ever, as only one mutagen (fast neutrons) was involved, the dose/response 
relationships of the various objects have essentially the same shape for a given 
character, so that relatively simple parameters are adequate for a quantitative 
comparison of radiation effectiveness (section 4.4). 

The use of two cultivars in exp. 3 aimed at a first exploration of genetical 
differences in the radiation sensitivity of seeds, and at establishing whether the 
sensitivity relationship varies with the character studied. This latter question is 
directly relevant to the efficiency (defined in chapter 2) of mutation induction. 
In order to learn more about the nature of varietal sensitivity differences, and 
with a view to practical application, the possible relationships between these 
differences and certain biometrical characteristics of the seeds are also examined 
(section 4.5). 

Studying the increase in neutron effectiveness with prehydration for a number 
of Mj and M2 characters will establish whether or not, and in which direction, 
prehydration changes the quantitative relationship between the various radia-
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tion effects. By analogy with the foregoing, this question has a direct bearing 
on the efficiency of mutation induction. Such a study also permits an evaluation 
of the proportion of effectiveness enhancement which is due to increased radia­
tion energy absorption, using the data of section 3.7. Moreover, such information 
is conducive to a discussion on the various factors involved in sensitization, 
and on recovery in relation to the organisation of the embryonic shoot apex 
(section 4.6). 

The degree of correlation between various characteristics of plants within a 
treatment is of great importance for practical mutagenesis. In particular, a 
high within-treatment correlation between early M1 characters on the one hand 
and M ( seed set or M2 characters on the other hand would permit positive 
selection at an early M t stage. Alternatively, the absence of correlation would 
permit the early elimination of weak and semi-sterile Mx individuals without 
any lowering of the frequency of recessive mutations. This question is examined 
in detail (section 4.7) because no suitable data pertaining to fast neutron irradia­
tion have so far been reported. 

The main practical implications of the evidence presented in this chapter will 
be emphasized in chapter 5. 

4.2. MATERIALS, METHODS, CHARACTERS STUDIED 

Experiment I 

The experimental material consisted of seeds of cv. 'Moneymaker', 100-seed 
weight 319 mg, 5.6% H 20. These were irradiated both dry and at 48 hours 
hydration, which coincided with the germination of the first seeds (note the 
slower germination than in the experiments of section 3.6). For conditions of 
pre treatment and irradiation see section 3.4. 

The dry seeds received doses, expressed as DH20, of 0, 1, 2, 3, 4, 6, 7, 9 and 11 
krad (Di series); the prehydrated seeds received 0, 1, 2, 3, 4 and 6 krad (Hj 
series). Each treatment consisted of 100 seeds in one petridish. 

After a total germination period of 4 days at 27 °C under continuous illumina­
tion with 11,000 lux of Philips TL33RS + Philinea (interrupted in Ux by 
irradiation at 23 °C) the climatic regime was changed to 18/6 hours day/night, 
with temperatures of 23/17 °C. These conditions were maintained until the end 
of the experiment. The young seedlings were transplanted into vermiculite in 
50 X 40 X 8 cm wooden boxes at 5-8 days after sowing, depending on the 
speed of germination and growth ; at this stage the experiment was laid out in 
4 replicates. Nutrient solution, formula HOAGLAND (92), was supplied daily. 
Twenty five days after sowing, the seedlings were transferred to an aerated 
Hoagland solution. The experiment was concluded after 42 days. 

The following characters were recorded on all individuals : 

18 days after sowing 
- presence or absence of at least 1 leaf > 3 mm 
- number of leaves > 3 mm 
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25 days after sowing 
- length of the primary root 
- cotyledon length 
- length of the 1st leaf 
- length of the hypocotyledon + stem ( = 'stem length') 
- number of leaves > 3 mm 

The treatment means for length of the primary root, the cotyledons and the 
hypocotyledon + stem, i.e. of those organs that were already differentiated 
in the dry embryos, were converted to cumulative growth. This was done by 
subtracting the mean length attained in the lethal 6 krad treatment of H1 ; where 
cell division was completely inhibited. 

42 days after sowing 
- ultimate length of the 3rd leaf 
- ultimate fresh weight of the 3rd leaf 
- length of the 1st axillary shoot 
- fresh weight of the whole plant 
- presence or absence of an apparently normal terminal apex 

Experiment 2 
This experiment was carried out with seeds of the same lot of cv. 'Money­

maker' no. 83 as used for the experiments in section 3.6. These seeds were 
irradiated dry and after 24 hours hydration as described in section 3.4. 

The dry seeds received doses (DH2o) of 0, 1, If, 2, 3, 6 and 9 krad (D2 series); 
the prehydrated seeds received 0,1,If, 2, 3,4 and 6 krad (H2 series). In addition, 
a series of low doses was given to both dry and prehydrated seeds ; these doses 
were 2, 10, 50, 200 and 500 rad. 

The experiments consisted of 6 replicates of 25 seeds/treatment from sowing 
onwards. However, because of the long exposure times, all replicates of a given 
treatment had to be irradiated simultaneously, while the different treatments 
were irradiated in succession. The methods of culturing conformed to those in 
exp. 1 except that the seedlings were transplanted into 22 X 22 x 5 cm earthen­
ware seedpans and the substrate was wetted on alternate days with Hoagland 
nutrient solution and water. The experiment was concluded 25 days after 
sowing. 

The following characters were recorded: 

Pe t r id i sh s tage 
- germination capacity 
- days to germination 
- length of the primary root, 4 days after 50 % germination 

These characters were recorded by taking photographs of the petridishes 
(lids removed) in a sterile room at 6 hour intervals; the root lengths were 
measured with the aid of a curvimeter on 40 x enlarged projections of the 
negatives on a smooth white wall. 
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25 days after sowing 
- as in exp. 1 

Experiment 3 
The experiment was carried out with seeds of cv. 'Moneymaker' (100-seed 

weight 319 mg as in exp. 1) and of cv. 'Glorie' (100-seed weight 279 mg); both 
seed-lots were equilibrated at 6.5 % H 20. 

These seeds were irradiated dry and after 24 hours hydration as described in 
section 3.4. 

The dry seeds received doses (DH20) of 0, 1, 2, 3, 4, 6 and 9 krad (D3 series) 
and the prehydrated seeds 0, 1, 2, 3, 4 and 6 krad (H3 series). The dry seeds 
were stored for 3 days at room temperature before being sown (this was not 
according to plan). The conditions of germination were as in exp. 1. Shortly 
after germination, the seeds were planted into boxes with fertile soil, in a green­
house with regulated temperature and under natural day-light (late spring). 
From this stage onwards the experiment consisted of 3 replicates. The condi­
tions of culturing were very favourable so that growth was very rapid. At the 
age of 3 | weeks those seedlings considered to be incapable of satisfactory 
development were discarded. Of the transplantable seedlings, fixed numbers, 
increasing with dose, were taken at random from the various treatments, and 
planted into 9 cm pots. One week later they were transplanted into the green­
house soil. The plants were topped above the 2nd inflorescence and pruned 
regularly. The flowers were pollinated with an electric vibrator. 

Of each M t plant two adjacent fruits were harvested from both the 1st and 
the 2nd truss, and the seeds extracted. The progenies (M2) of all plants con­
taining > 24 seeds in the least fertile truss were tested. These progenies, con­
sisting of 24 seeds/truss, were sown directly .in boxes with soil. They were 
screened for aberrations detectable at the seedling stage, 10 and 20 days after 
sowing when symptoms on the cotyledons and the first leaves, respectively, were 
the most easily recognised. Recessive 'visible' mutations were considered to be 
those events leading to 2-12 M2 seedlings having clearly the same distinguishing 
marks; aberrant plants occurring singly were disregarded or counted as sub­
lethals, as previous experience had shown that a large proportion of these 
cases were not due to simple recessive mutations. 

The following characters were recorded : 

Pe t r id i sh s tage 
- germination capacity 
- days to germination 

18 days after sowing 
- cotyledon length, 12 seedlings/treatment; treatment means converted to 

cumulative growth as in exp. 1. 
- fresh weight of the aerial parts, 3 seedlings/treatment 
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25 days after sowing 
- number of plants suitable for transplanting 

Ma tu r i t y (all surviving plants) 
- number and weight of seeds/fruit in 1st and 2nd truss, and mean over both 

trusses 
- number of 'fertile' plants per treatment ( > 24 seeds in the least fertile truss) 

M2 s eedl ing s tage (2 truss progenies of all 'fertile' Mx plants) 
- number of non-germinating seeds 
- number of sublethal seedlings unsuitable for mutant screening 
- number of recessive 'visible' mutations 
- number of mutant seedlings corresponding to the 'visible' mutations 

Spare Mx seed (D3 only) was subjected to germination tests after 1 year of 
storage at room temperature, in order to study the effect of seed irradiation on 
loss of germinative power with storage. 

To determine the 100-embryo weight, 100 vacuum-dry seeds of each cultivar 
were weighed, after which their embryos were removed as described in section 
3.6 (p. 11); the 100-embryo weight was obtained by weighing the seedcoat + 
endosperm halves and subtracting these weights from those for the whole seeds. 

To determine the percentage of cells in the Gt and G2 stage of interphase, 
respectively (2C and 4C nuclei, i.e. before and after DNA duplication), 5 seeds 
per cultivar were soaked for 16 hours at low temperature to facilitate the 
removal of the embryos, which were then fixed in 3:1 alcohol : acetic acid 
(Carnoy) and stained with Feulgen. Photodensitometric DNA determinations 
were made on 500 nuclei per embryo (5 embryos per cultivar). These determina­
tions were restricted to the strictly meristematic zone of the root apices (max. 
ca 150 (xm from the root tips). As the distributions of the relative values for 2C 
and 4C nuclei do not overlap, the cell numbers at each stage are determined 
very easily. 

Finally, to compare the average amounts of DNA/nucleus of the two 
cultivars, accurate measurements were made on 20 cells in each of 5 root 
meristems per cultivar, i.e. 100 measurements per cultivar. The results were 
expressed in scale units, and therefore constitute relative values. The standard 
errors were calculated on the basis of the means per meristem. 

Experiment 4 

The experiment was carried out with seeds of the same lot of cv. 'Money­
maker' no. 83 as used for exp. 2 and for the experiments in section 3.6. The 
conditions of pretreatment and irradiation were as in section 3.4. 

These seeds were irradiated dry (D series) and after J, 3, 6, 12, 24, 48, 72, 96 
and 144 hours of hydration/germination (H| , H3 ... H144 series). The irradia­
tions were performed at a 2.8 x higher dose rate than in the preceding experi­
ments, allowing shorter exposure times (see section 3.5). The exposure times and 
doses are shown in table 7. The dose ranges followed roughly the expected 
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TABLE 7. Schedule of treatments (+ = Mt seedling stage only; x = up to M2 seedling 
stage). Experiment 3. 

Exposure D Pre-irradiation germination period (hours) 

(min) (krad) 0(D) è 3 6 12 24 48 72 96 144 

0 
5 

10 
20 
30 
40 
50 
60 
75 
90 

105 
120 
150 
180 

0.00 
0.23 
0.47 
0.93 
1.40 
1.87 
2.33 
2.80 
3.50 
4.20 
4.90 
5.60 
7.00 
8.40 

X 

+ 

X 

X 

X 

+ 
+ 
+ 

X 

X 

X 
X 

+ 
+ 
+ 

+ 
X 
X 
X 
X 

+ 
+ 

X 
X 
X 
X 

+ 

X 
X 
X 

X 

+ 

increases in neutron effectiveness with increasing prehydration time. In the 
series H48-H144 only very few treatments are available due to a too late 
discovered error in the execution of the irradiations. 

The experiment consisted of 10 replicates, each of 10 seeds/treatment, from 
sowing until final transplanting. The seedlings were first transplanted into 
wooden boxes with fertile soil. This was done 4 days after sowing for all series 
up to H72 and 5 days after sowing for H96. In H144 the lids were removed from 
the petridishes after 96 hours and the dishes supplied regularly with water to 
avoid desiccation ; this series was transplanted 7 days after sowing. 

Until this time the climatic regime for all series was maintained as during 
pretreatment, and was then changed into a day/night rhythm of 16/8 hours with 
corresponding temperatures of 23/17 °C. Transplanting into pots took place 
after 3 | weeks, followed by final transplanting into the soil of a greenhouse 
at 50 x 70 cm spacing 1 week later. At this stage only those treatments having 
a high percentage of transplantable seedlings ( „x ' s" in table 7) were retained. 
These were planted in 8 randomised blocks, each containing 12 plants per 
treatment; gaps were filled with plants of corresponding vigour, in order to 
avoid bias due to spacing differences. Fruit harvesting, fertility determination 
and study of the M2 generation were carried out as in exp. 3. 

The following characters were recorded : 

Mi seedling s tage (random sample of 20 seedlings/treatment, the same for all 
characters) 
- cotyledon length, 12 and 19 days after sowing; treatment means converted to 

cumulative growth as in exp. 1 
- length of the 1st leaf, 19 days 
- length of the 2nd leaf, 19 days 
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- 'number of leaves > 3 mm, 19 days 
- number of leaves with morphological or colour abnormalities 

F lower ing s tage 
- number of leaves below 1st inflorescence 
- number of days to flowering 

Ma tu r i t y (all surviving plants) 
- average weight of seeds/fruit in 1st and 2nd truss, and mean over both 

trusses 
- number of 'fertile' plants per treatment 

M2 seedling s tage (2 truss progenies of all 'fertile' M t plants) 
- as in exp. 3. 

4.3. THE SHAPE OF THE DOSE/RESPONSE RELATIONSHIPS 

In the preceding section the characters recorded were listed as much as 
possible in chronological order. In order to study the dose/response relation­
ships they are now regrouped as follows : 
- germination time; 
- growth characters ; 
- developmental characters; 
- Mj fertility; 
- M2 characters. 

Growth characters are defined as characters expressing the increase in 
length or weight of a given organ, whereas developmental characters are 
defined as those which concern the timing of the formation of new organs. 
Some characters, such as plant weight, are the result of both growth and 
development and their classification is somewhat arbitrary. 

In exps. 3 and 4, the correspondence between the various Mj and M2 charac­
ters with regard to the shape of their dose/response relationships was examined 
by means of the coefficients of correlation, based upon treatment means. 

The presentation of the results is confined to a summing up of the main 
characteristics of the graphs. An interpretation is given in the subsequent 
discussion. 

4.3.1. RESULTS 

Experiment 1 

The data, expressed as percentages of the control values (table 8), are presented 
as graphs denoted T>i and Hx ; graphs denoted D2 and H2 in some figures will 
be considered later. 
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TABLE 8. Control treatment means ± their S.E. Exheriment 1. 

Character 

Leaf number 
Rooth length (mm) 
Cotyledon length (mm) 
Length 1st leaf (mm) 
Stem lenth (mm) 
Leaf number 
Length 3rd leaf (cm) 
Wetrht 3rd leaf (g) 
Plant weigth (g) 
Length Is axillary shoot (cm) 

Days 

18 
25 
25 
25 
25 
25 
42 
42 
42 
42 

16 
82 
30 
49 
41 

D i 

±0.01 
±2.1 
±0.3 
±0.6 
±0 .5 

4.3 ± 0.02 
23 
49 

171 
16 

±0 .4 
± 1.9 
± 8.7 
±2 .0 

H i . 

2.8 ± 0.01 
89 ± .2.4 
23 ± 0.3 ' ; 

39 ± 0.7 
33 ± 0.5 
3.8 ± 0.01 

26 ± 0,5 
56 ± 2.6 

295 ± 14-2 
19 ± 2.3 

Growth cha rac te r s 
Cumulative root growth after 25 days (fig. 3) responded almost linearly ove 

most of the vital dose range, with a deviating tail at the highest doses in H t . 
Cumulative cotyledon growth after 25 days (fig. 4) showed a discrepancy 

between the two series; the curve of Dx was concave, whereas that of H, was 
convex in the upper part while tailing off at the high doses. 

The curves for length of the 1st leaf after 25 days (fig. 5) were slightly convex 
up to medium doses though in Dx this trend was partly obscured by the relatively 
large scatter of the treatment means. There was no evidence of a tail at the 
highest doses in either series. 

Cumulative stem growth after 25 days (fig. 6) probably responded in both 
series with a very slight convex curvature at the lower doses; both curves 
showed a clear tapering off towards zero. 

Length of the 3rd leaf after 42 days (fig. 7) decreased approximately linearly 
in Dj except for a dip in the 1 krad treatment, and possibly somewhat sigmoidally 
in Hi. There was no pronounced tail in either series. 

The relationship between length (X in cm) and weight (y in mg) of the 3rd 
leaf was exponential in both series (fig. 8); the regression equations differed 
so slightly that log y = 5.0 + 2.50 log X may be considered to apply to both 
sets of data, showing that the length/weight relationship of the leaves was not 
affected by an interaction between irradiation and seed hydration. 

The best fitting linear and parabolic regressions on dose and the corre­
sponding residual variances were calculated from the single plant data of the 
0-7 krad D t treatments and the 0-2 krad H t treatments. This was done for 
all quantitative characters except weight of the 3rd leaf and length of the 1st 
axillary shoot. 

The hypothesis of linear regression was tested against the alternative of 
parabolic regression by means of the F-test. This test was highly sensitive 
because large numbers of plants were involved. Although for most characters 
there was some heterogeneity of variance between the treatments, the tests 
were performed as if the variances were homogeneous, firstly because it is a 
matter of experience that these procedures are reasonably tolerant to hetero-
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cumulative root growth,25 days 
°/o of control 

cumulative cotyledon growth,25 days-
°/o of control 
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