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FOREWORD 

The idea of compiling a Manual on Mutation Breeding goes back to the year 1963. Plans for 
the manual were developed in 1966 by a Panel on Co-ordination of Research on the Production 
and Use of Induced Mutations in Plant Breeding held in Vienna. It was felt that such a manual 
would be very useful for advanced university studies, for special courses and plant breeders. 

Most of the members of that panel volunteered to contribute to the book, and other authors 
were also brought in, the manual being finally compiled and edited in 1970 by the Plant Breeding 
and Genetics Section of the Joint FAO/1AEA Division of Atomic Energy in Food and Agri-
culture. 

The first edition went out of print in 1975 and progress in various fields made it desirable 
not simply to reprint the book but to prepare an updated and revised second edition. The second 
edition is slightly larger owing to some additional chapters and new literature references. A key-
word index has been added too, for easier reference. 

We are grateful for all the critical comments and suggestions received from readers of the 
first edition and hope that they find the second edition of greater value for both students and 
professional plant breeders. We are greatly indebted to the many experts who supplied various 
sections to the manual. Their contributions are indicated in the List of. Contents. Acknow-
ledgement for valuable assistance is due particularly to Bjorn Sigurbjornsson, who compiled the 
manuscript for the second edition. We should again be happy to receive critical comments, 
notification of any errors, and suggestions. 
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1. INTRODUCTION: 
MUTATIONS IN PLANT-BREEDING PROGRAMMES 

Mutations are the ultimate source of all variability in organisms. Variability caused by induced 
mutations is not essentially different from variability caused by spontaneous mutations during 
evolution. Methods of using induced mutations in plant breeding are basically the same as those 
used for newly arisen spontaneous mutations and will be dealt with simultaneously in this book. 
Mutations can be used for plant breeding in many different ways as shown in Table I, which is 
based on a classification by Gaul (1963). 

1.1. DIRECT USE OF MUTATIONS 

The direct use of mutations is a very valuable supplementary approach to plant breeding, 
particularly when it is desired to improve one or two easily identifiable characters in an otherwise 
well-adapted variety. The main advantages are that the basic genotype of the variety is usually only 
slightly altered (as compared with hybridization of two distinct varieties), while the improved 
character(s) is (are) added, and that the time required to breed the improved variety can be shorter 
than when hybridization is used to achieve the same result. 

Several cultivars derived from direct utilization of induced mutants have shown that, for 
example, short straw, earliness, and resistance to certain diseases can be introduced in otherwise 
well-adapted varieties without significantly altering their other attributes (Sigurbjornsson and 
Micke, 1974). However, one should watch for pleiotropic effects of the mutated'gene(s) and other 
unwanted induced mutations (see section 7.4). If undesirable characters are observed, it is 
advisable to cross the mutant back to the parent line and select for individuals containing the 
desired mutation(s) that are free of other undesirable changes. Because of the nearly identical 
genotypes of the parents, one or two backcrosses should normally be sufficient to rid the mutant 
of such undesirable characters as have been caused by independently induced mutations. In the 
case of close linkage or severe cases of pleiotropism, the mutagenic treatment should be repeated. 
One can repeat the treatments with the parent strain or re-treat the mutant line. 

A des i red m u t a t i o n can be r ecove red in a h o m o z y g o u s s tage a l r e a d y in t h e M 2 o r M 3 g e n e r a t i o n 
as compared with the F 6 or F 7 generation in the case of hybridization. In the case of plants that 
flower within the year of seeding this method has resulted in the release of cultivars after three 
and a half to six years from initial mutagen treatment. The time required for breeding has thus 
been cut considerably. For species that take several years to reach flowering stage the time-saving 
could be much greater. Fruit trees are good examples of this (see section 8). 

When using the mutation-breeding technique, one should pay particular attention to the 
selection of the parent variety. It should, in general, be the best adapted variety for the location 
in question. The successful performance of a mutant line does not only depend on the newly 
discovered beneficial mutation. The genotype of which it is a part determines its other agronomic 
attributes such as adaptibility, resistance, quality and yield. It is, therefore, essential that the 
general performance of the mutant line be carefully tested under field conditions. This can be 
started already in the M3 or M4 generations. 

If agronomic performance is not satisfactory and if the mutation is a worthwhile improvement 
in a given character, it is advisable to cross the mutant to a well-adapted and high yielding 
variety (Table I). 

The considerations above have dealt with easily identifiable mutations and fall under what is 
often called "macro-mutations" (Swaminathan, 1965). Improvements caused by "micro-mutations" 



T A B L E I. M E T H O D S O F U S I N G M U T A T I O N S IN P L A N T B R E E D I N G 

I. Use of point mutations 

\ . Autogamous species: 

(a) Direct use of mutations: mutants used directly as improved varieties 

(b) Cross-breeding with mutat ions 

(i) Crossing the mutants with the original parent variety or line 

(ii) Crossing different mutants f rom the same parent line 

(iii) Crossing different mutants f rom different parent lines 

(iv) Crossing the mutant with a different variety or line 

(v) Crossing two varieties apparently carrying the same mutant 

2. Allogamous species: induction of mutat ions to increase variability 

3. Heterosis breeding: induction of mutat ions in inbred lines. 

Induction of male sterility (allogamous and autogamous) 

4. Asexual plants: induction of "spor t s" 

II. Use of chromosome mutations 

1. Use of translocations: for transferring characters from other species and genera 

2. Use of translocations (with known breakage points) for production of "directed" duplications 

3. Diploidization of polyploids 

III. Use of mutagenic agents for special breeding problems 

1. Use of radiation to produce haploids 

2. Use of mutagens to increase or lower the frequency of chiasma 

3. Use of radiation for production of transitory sexuality in apomicts 

4. Use of radiation to reduce incompatibility in wide crosses 

5. Use of induced mutat ions for special studies of genetics or physiological, morphological, and biochemical 
processes in crop plants 

c a n o n l y b e d e t e c t e d in a g r o u p o f p l a n t s a n d t h e i r t e s t i n g r e q u i r e s b i o m e t r i c a l a n a l y s i s . M i c r o -

m u t a t i o n s c a n f i r s t b e d e t e c t e d in t h e M 3 g e n e r a t i o n b u t c e r t a i n t y a b o u t t h e g e n e t i c n a t u r e o f t h e 

s e l e c t e d v a r i a n t s c a n o n l y b e e s t a b l i s h e d in l a t e r g e n e r a t i o n s . B o t h m a c r o - a n d m i c r o - m u t a t i o n s 

c a n b e u s e d in m u t a t i o n b r e e d i n g . T h e p r o c e d u r e w i t h m i c r o - m u t a t i o n s as u s e d b y G a u l ( 1 9 6 5 b ) 

is t o m a k e a r a n d o m s e l e c t i o n in M 2 o f normal-appearing M 2 p l a n t s . S e l e c t i o n f o r t h e d e s i r e d 

c h a r a c t e r ( e .g . y i e l d , g r a in s ize , e t c . ) is m a d e in t h e M 3 a n d s u b s e q u e n t g e n e r a t i o n s . T h e f r e q u e n c y 

o f u s a b l e i n d u c e d v a r i a n t s f r o m m i c r o - m u t a t i o n s a p p e a r s t o b e m u c h h i g h e r t h a n f r o m m a c r o -

m u t a t i o n s ( G r e g o r y , 1 9 6 5 ) . 
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In a breeding programme based on mutagenic treatments of seeds (or pollen grains) it might 
thus be advisable to employ both approaches: select for desired visible mutants in the M2 generation 
for subsequent use either direct or in hybridization; take a random sample of normal-looking M2 

plants and test in subsequent generations for improvement in desired quantitative characters. 
It would be normal to observe some decrease in the mean values for the quantitative traits measured 
in the normal-looking plants as compared with controls, since the majority of the small mutations 
induced would be detrimental (Scossiroli, 1965). The genetic variation created, however, forms 
the basis for selection in a positive direction. The success of this method depends to a large extent 
on the carefully conducted tests in the M3 and subsequent generations. 

The use of 'drastic' macro-mutations in diploids is limited to some extent by the fact that 
many of them have a reduced viability and may carry deleterious pleiotropic effects. Polyploids, 
however, are more tolerant of drastic changes and may better retain their viability. 

1.2. MUTATIONS IN CROSS-BREEDING 

In the long run the use of induced mutations in various cross-combinations in hybridization 
breeding programmes is probably more important than the direct use of mutants as discussed above. 
The various possible cross-combinations are likewise listed in Table I. The proportion of 'mutant ' 
cultivars derived from cross-breeding involving induced mutants is steadily increasing. 

When two mutants from the same homozygous parent variety (differing only with regard to two 
mutant genes) are crossed, only very few F2 plants are needed because of their generally similar 
genotypes except for the two mutant genes (Gaul, 1963). Some evidence shows, however, that 
intercrossing of mutants can give new transgressive variation (Aastveit, 1966; Gaul, 1963; 
Hagberg, 1959). Scarascia-Mugnozza, Bagnara and Bozzini (1972) reported a large number of lines 
showing positive transgressions and outyielding both parents by up to 40% (see also section 11). 

When mutants are used as a source of parent material in ordinary hybridization with 
commercial varieties, the methods used are the same as with conventional plant breeding. For 
incorporating a desired character into a variety, it may be much easier to use a mutant with an 
adapted genetic background than to transfer the character from a wild relative of the crop species 
or from an unadapted variety. For example, in durum wheat a dominant single gene mutation for 
short straw was induced in an adapted commercial variety. This character can be transferred easily 
into any variety of similar background (see section 9.5). 

Some workers have used mutagenic treatment in combination with hybridization to increase 
the variability and widen the basis for selection. The hybrid seed or the pollen grains can be 
treated with a mutagen for this purpose (cf. Krull and Frey, 1961). 

The use of induced mutations in allogamous plants is still relatively rare. However, inbred 
lines can be improved by induced mutations, leading to increased heterosis, which is determined in 
the hybrid population. With the increased tendency towards the use of single-cross hybrids instead 
of double-cross hybrids in maize production, it is likely that induced mutations could play a greater 
role because of the easier progeny testing procedure. There are also indications that high-yielding 
hybrids can be produced by crossing mutants among each other (e.g. Micke, 1968, 1969a; 
Romer and Micke, 1974). Furthermore, induced mutations and translocations can be used for 
producting hybrids in self-pollinating crops such as barley (Hagberg, 1966). Induction of male 
sterility is also a useful application of mutagenic agents in heterosis breeding (see section 10.3). 

1.3. INDUCED MUTATIONS IN VEGETATIVELY PROPAGATED CROPS 

Spontaneous mutations are responsible for a large part of the recent variation used to breed 
vegetativejy propagated crops. Induced mutations consequently have a high potential for bringing 
about further genetic improvements. 
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Induced mutations are already widely used in commercial breeding of ornamental plants. 
Any induced colour sport can be used directly, propagated by cuttings, without further breeding 
(Bowen, 1965). The main advantage of mutation induction in vegetatively propagated plants is the 
ability to change one or a few characters of an outstanding cultivar without altering the remaining 
genotype (Broertjes, 1972). Through vegetative propagation, the mutant individual can form the 
commercial clone. It is possible to make use of many mutations that could not manifest themselves 
in a generation derived from seed propagation. In crops that never bear seeds, the induced-mutation 
method offers the only effective way of breeding. 

The most commonly used plant parts for mutagenic treatment are those normally used for 
propagation, such as tubers, bulbs or corms, dormant cuttings, grafts, bud wood, stolons and 
rhizomes (Broertjes, 1972). Of course seeds and pollen grains (when produced) can also be used 
(Nybom and Koch, 1965). Chimera formation is to be expected because of the multi-cellular 
nature of the tissues treated (see sections 5.4 and 9.3). 

Both irradiation and chemical mutagens have been used for these crops. In general, irradiation 
seems to be more effective in producing mutations, possibly because of limited penetration of 
chemicals into the vegetative tissue (Broertjes, 1972). However, some workers have reported good 
results using chemicals on potatoes and fruit trees (Upadhya and Purohit, 1973; Khvostova and 
Privalov, personal communication). Chronic exposure to irradiation offers no advantages over 
acute doses. Nybom and Koch (1965) point out that treatment should be limited to the buds or 
parts of the plant from which the mutations are to be isolated later. The roots or parts that are to 
form roots, or to form a growth junction with the root stock, are often protected so that the 
shoot can be given higher doses of irradiation. The roots may, in such cases, be given a low-intensity 
dose to prevent undesired sprouting of competitive shoots from the roots. 

In addition to directly propagating a desirable mutant, it is possible to use pollen from 
flowers on mutated branches in further hybridization work (Hough, Moore and Bailey, 1965). 
Ferwerda (1965) has stressed that irradiation treatment of potatoes can uncover latent periclinal 
structures, the changes observed thus not being a result of induced mutations but of release of 
a different genotype already present (for further details see section 8). 

1.4. USE OF TRANSLOCATIONS IN BREEDING 

Induced translocations can be useful in plant breeding in many ways. When a desired character 
must be transferred to a crop variety from a wild relative, the complete chromosome carrying the 
desired gene is transferred to the variety through a series of crosses. By a translocation the 
transferred genome part can be reduced to a small part of the particular chromosome. 

Translocations could also be valuable in breaking up linkages in increasing recombination 
through relocation of chromosome segments from chromosome areas where recombination is very 
low and for reconstructing chromosomes. Translocations are used, moreover, as cytogenetic 
markers of different chromosome segments and for constructing chromosome maps (see also 
section 10.1). 

1.5. DIPLOIDIZATION OF POLYPLOIDS AND HAPLOIDIZATION OF DIPLOIDS 

The use of autopolyploids as crop plants, particularly if artificially produced, is often 
seriously limited by a reduction in fertility caused by multivalent formation during meiosis. 
Induced chromosome mutations can enhance structural differentiation and thereby promote the 
formation of bivalents. Gaul (1963) has suggested that, to accomplish this, it would be best to 
irradiate and cross alternatively for several generations in order to collect a maximum amount 
of structural and genetical divergence. 
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TABLE II. IMPROVED CHARACTERS IN CROP VARIETIES DEVELOPED THROUGH 
INDUCED MUTATIONS 

Improved characters Cereals 

No. of occurrences in released varieties: 

Legumes Other Total 

Higher yield 27 10 10 47 

Lodging resistance 23 3 - 26 

Disease resistance 13 9 2 24 

Early maturity 19 9 8 36 

Short stem 14 2 - 16 

Quality (baking, malting, 
feeding, eating) 13 3 11 27 

Winter hardiness 3 - - 3 

Higher protein 2 2 - 4 

Shattering resistance - 2 - 2 

Improved plant type 3 3 3 9 

Easier harvesting 1 2 - 3 

Other improved characters include changes in awns, grain colour, 1000-kemel weight, sprouting resistance, 
drought resistance, high lysine and better adaptability. 

Several cases have been reported where haploids were obtained by crossing with irradiated 
pollen (e.g. Bender, 1963; see also sections 6.1, 6.2 and 11). 

1.6. ALTERATION OF THE REPRODUCTIVE SYSTEM 

It is possible to induce sexuality in apomictic species. The induced sexuality may last for 
several generations. Thus, it may be possible to breed apomictic species through normal hybridization 
programmes. A good example of this application is the work by Julen (1961) on Poa pratensis. 
(See also section 10.2). 

1.7. PRACTICAL RESULTS FROM MUTATION BREEDING 

Although the use of induced mutations in plant breeding is relatively simple in principle, it 
took about 30 years to develop this technique to a stage where it could be applied effectively and 
with a reasonable chance of success. Thus, before 1950 there is a record of only one crop variety 
developed by induced mutations and used commercially (tobacco in Indonesia). By 1960 the 
number of commercialized induced mutant crop varieties was 15. In 1970 the number was 
already 72 and in 1975 it reached 133 varieties of crop plants and at least 64 cultivars of orna-
mentals. The rapid increase in recent years shows unmistakably that induced mutations are now 
being used successfully in plant breeding programmes. More important than the number of 
varieties is of course their value. In many cases the mutants have significantly increased yield, 
e.g. Reimei was one of the highest yielding rice varieties in Japan at its peak time (Kawai, 1966; 
personal communication). Induced mutations led to some of the highest quality durum wheats 
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in Italy (Bogyo et al. 1969), to barley, rice and castor beans with substantially decreased maturity 
time (Gustafsson, Lundqvist and Ekberg, 1960; Tanaka, 1969; Swaminathan, 1969), to significant 
increase in lysine content in barley (Doll, 1975), to disease resistance in the peppermint plant 
where no useful source of resistance could be found elsewhere (Murray, 1969). A very wide 
area of adaptation was demonstrated for the Swedish mutant variety Mari (Sigurbjornsson, 1975). 
Sigurbjornsson and Micke attempted in 1974 an account of the improved characters reported 
by breeders for their mutant varieties. Table II shows the result. In many cases the improvement 
resulted from a single mutation in a highly adapted variety (without other significant changes in 
the variety) and often the development of a new variety was accomplished in a rather short time 
(as little as to three and a half years). 

By 1975 a large majority of the mutant crop varieties had resulted from direct propagation 
of induced mutants (96) as compared with their use in crosses (37) (Micke, 1976). However, as 
the collections of isolated and tested induced mutants grow, one can expect an increased use of 
induced mutants in cross-breeding. 

Mutation breeding has been most successful in cereals. The records of the Joint FAO/IAEA 
Division show release figures up to the end of 1975 as follows: wheat 15, rice 16, barley 40, 
oats 5. The number of released induced mutant varieties in legumes was 20. The largest number 
of released mutant varieties derived from induced mutations is in ornamental plants, but a total 
record has not been established. 

Comparisons of the efficiency of mutagens to produce commercial varieties are difficult to 
make because researchers have tended to use those mutagens that are most easily available. Thus, 
in the early days nearly all mutagen treatments were made with X-rays. Of 95 recorded crop 
varieties in 1973, the breakdown according to mutagens used was as follows'. X-rays 43, gamma 
rays 23, neutrons 19, chemicals 8, and internal isotopes (3 2P) 2 (Sigurbjornsson and Micke, 1974). 

For more detailed accounts of results from mutation breeding, refer to Sigurbjornsson and 
Micke (1969, 1974) and Sigurbjornsson (1975). 

For continuing reports on released mutant varieties as well as reports on mutation breeding 
research the breeder is referred to the Mutation Breeding Newsletter, published by the Plant 
Breeding and Genetics Section of the Joint FAO/IAEA Division of Atomic Energy in Food 
and Agriculture, Vienna. 
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2. MUTAGENIC RADIATION 

2.1. RADIATION TYPES AND RADIATION SOURCES 

The mutation plant breeder potentially has available, besides ultra-violet light, several types 
of ionizing radiation, namely X and gamma rays, alpha and beta particles, protons and neutrons. 
Each of these has in common the property of being able to form discrete releases of energy — called 
ionizations or ion pairs - as they pass through matter1 . Yet each type of ionizing radiation has 
particular characteristics that should be considered in their use. The characteristics of the different 
types of radiation are briefly summarized in Table III. General references that may be consulted 
for more details are: Gray (1954), Lapp and Andrews (1954), Lea (1955), Hine and Brownell 
(1956), Bacq and Alexander (1961), Glasser et al. (1961), Johns (1961), Etter (1965), Dale (1966) 
(see Bibliography). 

2.1.1. X-rays 

X-rays, like gamma rays and u.v. light, are electromagnetic radiations emitted as quanta, but 
the difference in wavelength (10 to 0.001 nm for X and gamma rays compared with 2 0 0 0 - 3 0 0 0 nm 
for u.v. light)2 results in there being little similarity in practical usage. In an X-ray machine 
electrons are electrically accelerated in a high vacuum and then stopped abruptly by striking a 
target of, e.g., tungsten or molybdenum. In accordance with electromagnetic theory, the 
deceleration of the moving electric charge must be accompanied by the emission of radiation. It is 
desirable to use X-ray machines producing radiation of short wavelengths (referred to as hard X-rays), 
since their penetration is greater than X-rays with longer wavelengths. The shortest wavelength 
emitted (except for constant potential machines) is related to the peak operating voltage (kVp) of 
the tube, i.e. the higher the kVp, the shorter the wavelength of the X-ray that is produced. The 
longest wavelength emitted from an X-ray tube depends on the voltage of the tube and the 
thickness and composition of the wall of the tube and of the filter. The soft X-rays of longer 
wavelengths are less penetrating, but more densely ionizing than the shorter wavelength X-rays. 
Through the use of high voltages and appropriate filters to absorb the soft radiation high-energy 
radiation similar to, but less homogeneous than, gamma rays can be obtained. 

When X-irradiations are performed,' the kVp, milliamperes (mA), thickness and type of filter, 
distance of tube to target, dose and dose rate should be recorded. Also to be noted is the half-
value layer (HVL), defined as the thickness of an absorber required to attenuate a beam of 
radiation to one half (National Bureau of Standards Handbook No. 73, 1960). This value is the 
measure of the effective energy of the X-ray machine or quality of the beam. The HVL is generally 
expressed in mm of Al or Cu. 

2.1.2. Gamma radiation 

In general, gamma rays have a shorter wavelength and therefore possess more energy per 
photon than X-rays. Monoenergetic gamma radiation is usually obtained from radioisotopes, in 
contrast to X-rays, which are generally produced in a wide range of energies. 

' Ultra-violet light, or u.v., is not an ionizing radiation at the wavelengths commonly employed (e.g. the 
2537-nm line of mercury germicidal lamps) but will be included in this discussion because it has frequently been 
used for mutation induction in pollen. 

J The nm, or nanometer, is equal to the older Angstrom unit, or A. 
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TABLE III. PROPERTIES OF RADIATION (After Sparrow and Konzak, 1958) 

Types of 
radiation 

Source Description Energy Hazard Necessary shielding 
Penetration 
into tissue3 

X-rays X-ray machine Electromagnetic Commonly Dangerous, A few mm of lead A few mm to 
radiation 5 0 - 3 0 0 kV penetrating except for very 

high-energy 
installations 

many cm 

Gamma rays Radioisotopes Electromagnetic Up to several Dangerous, very Requires very heavy Many cm 
and nuclear radiation similar to MeV penetrating shielding, e.g. 
reactions X-rays inches of lead or 

several feel of 
concrete 

Neutrons Nuclear reactors Uncharged particle From less than Very hazardous Thick shielding Many cm 
(fast, slow, and (piles) or slightly heavier than 1 eV to several composed of light 
thermal) accelerators proton (hydrogen 

atom) not observable 
except through its 
interaction with nuclei 
in the material it 
traverses 

million elements — such 
as concrete 

Beta particles, Radioactive An electron (+ or - ) Up to several May be dangerous Thick sheet of Up to several 
fast electrons isotopes or ionizes much less densely MeV cardboard mm 
or cathode rays accelerators than alpha particles 

Alpha particles Radioisotopes A helium-nucleus 2 - 9 MeV Very dangerous Thin sheet of Small fraction 
ionizes very heavily internally paper sufficient of a mm 

Protons or Nuclear reactors Nucleus of hydrogen*3 Up to several Very hazardous Many cm of water Up to many cm 
deuterons or accelerators GeV or paraffin 

a Penetration is dependent upon many variables but il is assumed here that penetration is into an ordinary plant tissue of average density. 
b A proton is the nucleus of the common isotope of hydrogen and a deuteron is the nucleus of the heavy isotope of hydrogen. 
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FIG.l. Gamma-irradiation facility for laboratory installation with vertical loading system for small samples. 

A gamma-radiation facility can be used essentially in the same manner as an X-ray machine 
for acute or semi-acute exposures (cf. Figs 1 and 2). However, the gamma radiation source has a 
distinct advantage for prolonged treatments in that it may be placed in a greenhouse or field so that 
plants will be exposed as they develop over long periods of time. Cobalt-60 and caesium-137 are 
the main sources of gamma rays used in radiobiological work at present; their physical parameters 
are presented in Table IV. A consideration of these properties might be useful in deciding which 
gamma emitter to use in a specific gamma facility. Caesium-137 is used in many installations 
since it has a much longer half-life than cobalt-60. These radioisotopes are stored in lead containers 
when not in use and must be operated by remote-control mechanisms when needed to irradiate 
plant material. The National Bureau of Standards Handbook No. 73 (1960) provides further details 
for reference on the shielding and other protective measures to employ when using these sources. 
In selecting a source it should be noted that 3000 Ci of cobalt-60 produces the same dose rate as 
12900 Ci of caesium-137 (at 1 m). 
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FIG.2. Gamma-irradiation facility for laboratory installation with horizontal loading system. 

TABLE IV. PHYSICAL PARAMETER COMPARISONS OF 
COBALT-6O AND CAESIUM-137 

Less shielding is needed with 137Cs than with 6 0 Co as shown by the 
tenth value layer (thickness of an absorber required to at tenuate a 
beam of radiation to one tenth) . The radiations f rom 6 0 Co are 
composed of two gamma rays. These occur in the decay of 6 0Co to 
60Ni and are present in equal numbers. Beta particles are emitted 
f rom these two gamma emitters; however, the encapsulation and 
self-absorption of the source makes the beta particles of little 
biological importance. 

Parameters 60Co 137Cs(137Ba) 

Half-life 5.3 a 30 a 

Energy 7, = 1.33 MeV 
7 2 = 1 1 7 MeV 

7, = 0.66 MeV 

Specific 7-ray emission 1.29 R/h-Ci @ 1 m 0.3 R/h-Ci @ 1 m 

Specific activity 1 - 4 0 0 Ci/g 1 - 2 5 Ci/g 

Shielding (TVL) ~ 5 cm Pb ~ 2 cm Pb 

Chemical form Metal Chloride or sulphate 

/3-emission 0.31 MeV (100%) 0.51 MeV (92%) 

1.18 MeV (8%) 

Mode of production l?Co(n,7)$Co Chemically separated 
fission product 

Decay product t°8Ni 
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FIG.3. Diagram of the gamma greenhouse at Brookhaven National Laboratory showing position of sources used 
and arrangement of safety fences and shielding barriers. Isodose curves are for source sizes indicated. The smaller 
source is used only when very low exposure rates are desired. Because of the proximity of laboratories and other 
greenhouses the larger source has been limited to about 15 Ci of60 Co. Radiation levels outside the greenhouse 
area are reduced to permissible levels by a high-density concrete wall between the source and the laboratory, by 
a lead cap above the source to minimize sky-scatter, and by an earthen embankment around the greenhouse. 
Exposures from about 1500 R/d at 50 cm from the source to about 5 R/d at a 10-m distance are obtained 
with Ci of 60Co. 

A large proportion of the gamma sources in use today for botanical and genetical studies are 
installed in special gamma fields, greenhouses or controlled environment chambers in shielded 
rooms; or comprise facilities in which the plant material can be lowered to the gamma source; 
for example, the gamma facilities at Brookhaven National Laboratory, USA. These consist of a 
gamma greenhouse (Fig.3), a gamma field (Fig.4), which contains a cobalt-60 source of approxi-
mately 2500 Ci (in mid-1969), and another facility where high doses and dose rates (to 10000 kR/h) 
can be given to relatively small samples lowered near a group of gamma sources at the bottom of 
a pool (see Sparrow, 1966 for details). Another radiation facility at Brookhaven National 
Laboratory is called the Controlled Environment Radiation Facility (CERF) and is used to facilitate 
acute and chronic irradiation of biological material over a wide range of exposure rates under 
controlled environment conditions (Figs 5 ,6 and 7). The Variable Dose Rate Irradiation Facility 
(VDRIF) at the University of Tennessee-Atomic Energy Commission Comparative Animal Research 
Laboratory, Oak Ridge, Tennessee, USA, is shown in Fig.8. Physical characteristics and dosimetry 
were described by Cheka et al. (1971). Gamma fields for the use of mutation plant breeders have 
been constructed in various parts of the world, for example in Virginia, USA (Singleton, Caspar 
and'Flory, 1961), Casaccia, Italy (D'Amato et al., 1962) and Omiga, Japan (Kawara, 1963). 
Figure 9 shows a gamma greenhouse in Japan. 
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FIG.4. Aerial view of gamma field at Brookhaven National Laboratory (August, 1963) showing annual plantings 
/mostly Zea raays^, various woody perennial plantings and an uncultivated area for old field studies, right 
of source. Rectangular structures are shelters for shade-requiring transplants from local wooded areas. 

2.1.3. Ultra-violet radiation 

Ultra-violet light has limited tissue-penetrating ability so that in genetic experiments on plants 
its use is restricted to treating spores or pollen grains. However, the increasing use of cell and tissue 
culture for mutation breeding of plants (see section 6.5) could mean an increase in the use of 
u.v. light as a mutagenic agent, especially when single genes are sought. The absorption of u.v. 
depends to a considerable extent on molecular structure. To make a quantitative assessment of 
experimental results, it is necessary to use monochromatic (or near monochromatic) u.v. light 
because the biological effectiveness of the light varies with the wavelength. Wavelengths in the range 
2500—2900 nm are biologically most effective, since this is the region of maximal light absorption 
by nucleic acids. 

Details on the use of 2537-nm u.v. rays for the treatment of pollen were given by Brewbaker, 
Espiritu and Majumder (1965). The source of u.v. irradiation was a low-pressure 8 W Hg arc lamp, 
of which almost 90% of the lamp's output is in the 2537 nm band. Pollen was irradiated at a 
distance of 5.5 cm from the lower surface of the tube at a dose rate of 3 112400 erg/cm2-min. 
Details of construction and use of an apparatus by which wavelengths can be selected continuously 
in the u.v. and visible region were described by Ito (1964). Further descriptions of equipment and 
procedures for treatment of plant material with u.v. light have been given by Emmerling (1955), 
Neuffer (1957), Kirby-Smith (1963), Johns et al. (1965), Cline and Salisbury (1966), Ikenga and 
Mabuchi (1966). 
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FIG.5. The Controlled Environment Radiation Facility (CERFJ at Brookhaven National Laboratory is a complex 
of six shielded rooms built below grade level in the Radiobotany Building. The curie values given were selected 
to provide the range of exposure rates required for most botanical experiments. Each room is equipped with a 
J37Cr gamma source. Rooms B-4 and B-S contain walk-in controlled environment chambers. The 200-Ci source 
in room B-4 and the 400-Ci source in B-S provide a range of exposure rates from about 7500 to 100 R/d. 
Room B-9 .is used for experiments requiring irradiation of limited dose-rate range (about 35 to 2 R/h). Movable 
controlled environment chambers can be used in rooms B-12 and B-13 for chronic and acute irradiation. Room B-14 
was designed primarily for high-intensity acute exposures of biological material. A range of exposure rates from 
about 50 kR/h to about 200 kR/h can be obtained. This particular facility has an internal irradiator in which seeds 
or small amounts of plant material can be towered to the source. Exposure rates of 500 kR(h can be obtained. 

2.1.4. Beta radiation from isotope solutions and other sources 

Beta particles (electrons) such as those from 32P and 35S produce effects in tissue similar to 
those of X or gamma rays, although the penetrating ability of beta particles is lower than that of 
X or gamma rays. The lower penetrating ability of beta particles can be overcome by putting the 
radioisotopes in a solution and administering them to the plant material. In this way, 3 2P and 3 5S 
may be incorporated directly into the cell nucleus giving a somewhat greater localization of the 
site of action (Thompson et al., 1950). Glubrecht (1965) has pointed out that the mode of 
action of internal emitters is different from external radiation sources. However, because of the 
variability from tissue to tissue and cell to cell, it is difficult to determine the exact dose given by 
an internal emitter in plant material. 

Experiments with 32P, 35S and 14C by Beal and Scully (1950), Kawai (1954), Michaelis and 
Kaplan (1953), Mackie, Blume and Hagen (1952), Hungate and Marinelli (1952) seemed to be 
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FIG.6. An experiment with Antirrhinum majus set up on isodose arcs prior to an acute gamma exposure from 
the 12 OOO-Ci137Cs source in shielded room B-14 at BNL. The telescoping shields are in the elevated position to 
obtain the maximum exposure rate. The open part in the base of the mast is used to load the elevator facility 
where exposures of about 500 kR/h can be obtained (see also Fig. 7). 

promising because of the broad variety of mutants produced. Investigations by McQuade and 
Friedkin (1960) indicated that some specificity in the spectrum of mutations could be obtained 
with incorporated radioactive isotopes. A typical experiment may be cited, as by Kawai (1962, 
1963a,b), who immersed dormant or germinated rice seeds in a solution o f 3 2 P for two weeks. The 
germinating seeds and growing seedlings absorbed 32P during the period of treatment and, in 
addition, some was retained in the M, plants, so that both generations were exposed to beta 
particles from the radioisotope incorporated during the initial treatment. The dosages ranged from 
2.5 to 40 /iCi per seed, while the LDS0 was between 10 and 15 /iCi per seed. Kawai concluded 
that 3 2P and 35S are more effective in producing mutations than X or gamma rays, since the 
former act through the period of plant development. While it should be noted that 3 2P has a half-
life of 14.5 d and 35 S, 87 d, Kawai (1963a,b) observed radioactivity in M, rice plants at the tillering 
stage after treatment of seeds. 
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FIG. 7. Diagram of the source and shield complex shown in Fig. 6. (A) Elevator in loading position with source 
locked in lead shield. (B) Source raised in position to irradiate material set up at maximum exposure rate. 
(Cj The five stainless steel shields are shown telescoped to give maximum filtration. (D) Cross-section of mast 
showing the top of the elevator and the cylindrical configuration of the source complex. This source can be 
used to simulate fall-out irradiation by means of the telescoping shields. Each shield is a half-value layer of stainless 
steel which can be lowered in such a way that the exposure rate decreases at predetermined times. Another 
application of the telescoping shields is to vary the exposure range within the room in accordance with the 
requirements of individual experiments. The lowest exposure available (i.e. with plants positioned on the outer-
most isodose arcJ with no shielding aroung the 12 OOO-Ci source is about 200 Rjh and with all shields lowered 
this value is reduced to about 2.5 R/h. 

Matsumura (1962) soaked seeds of Triticum in 32P and 1311 solutions for two days before 
sowing, to compare the effects of internal beta particles with those of gamma rays from external 
sources. In his experiments the effects of beta radiation from 0.15—0.2 mCi/g 32P and 
0.8 mCi/g 1311 solutions corresponded roughly to those of 2.5 kR gamma radiation. 

McKelvie (1963) used a solution of tritiated radiosensitizing agent to produce beta-particle 
irradiation in Arabidopsis seeds. Sparrow and Konzak (1958) have briefly discussed an apparatus 
for exposing plant material to external beta radiation derived from 32P embedded in plastic. A 
procedure for irradiating the apical meristem of Kalanchoe with beta particles from a 9 0Sr/9 0Y 
(strontium-90/yttrium-90) source was given by Stein and Sparrow (1966). Bell (1970) described 
the design, construction and dosimetry of 9 0Sr/9 0Y sealed plaques used to simulate radioactive 
fall-out particles. The design, construction and dosimetry of a 9 0Sr/9 0Y beta irradiation facility are 
described by Bores and Bottino (in press). This facility uses a 40 X 50 cm plaque housed in an 
appropriate enclosure which permits the irradiation of seeds, seedlings, small animals, and other 
biological materials. 
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FIG.8. Inside view of the Variable Dose Rate Irradiation Facility (VDRIF) at UT-AEC CARL, USA, showing 
four of the six 6 0 C o sources with inverted-cone type lead shields. A rectangular area between each pair of 
sources fie. where carts are shown) provides a uniform dose rate to objects being irradiated. Dose rate (mid 1973) 
could be varied from 1 to 40 R/min. (Courtesy of Pergamon Press.) 

The maximum beta energy of 90Sr is 0.546, however, that of its daughter (9 0Y) which is, 
when in equilibrium, is 2.27 MeV. Thus, 9 0Sr/9 0Y plaques can provide a significant beta radiation 
dose at tissue depths of biological interest in diverse organisms. When proper allowances are made 
for tissue attenuation of beta particles, results indicate that beta and gamma radiation are equally 
effective in dormant and germinating barley seeds (Conger, Killion and Constantin, 1973; Bottino, 
Sparrow and Bores, in press) and soybean seedlings (Witherspoon and Corney, 1970). For more 
information on the beta irradiation of plant material, see Gustafsson et al. (1950), Strauss (1958), 
Stent and Fuerst (1960), Wimber (1964), Etter (1965), Murphy and McCormick (1971), Rhoads 
and Piatt (1971), Schulz (1971) and Schulz and Baldar (1972). 

2.1.5. Neutrons 

Neutrons of a wide range of energies may be obtained from a reactor where the 235 U fuel is 
undergoing nuclear fission. In this process, a thermal neutron enters the nucleus of an atom of 
uranium-235 and causes it to split apart or fission. When this occurs, two or three neutrons on the 
average are emitted and a large amount of energy is released. The neutrons released are then 
capable of reacting with other atoms of uranium to repeat the process. This series of events is 
called a chain reaction. 
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FIG. 9. Gamma greenhouse at the National Institute of Radiation Breeding in Japan. Experimental plants are 
positioned around radiation source, which can be raised from central pit to deliver varying doses of radiation to plants. 

One of the neutrons released in the fission of each uranium atom must be used to sustain 
the chain reaction, while others are absorbed in other components in the reactor. However, those 
that pass from the core of the reactor through outlet ports can be used in research. The energy 
spectrum of these neutrons is essentially that of the fission spectrum, i.e. the majority have energies 
between 0.5 and 2.0 MeV, and are termed fast neutrons. By reaction with moderators such as 
carbon or hydrogen, fast neutrons are reduced in energy to about 0.025 eV and are then called 
thermal neutrons. 

Neutrons have been shown to be highly effective for the induction of mutations in plants. 
Formerly, however, the use of neutrons was hampered by a lack of adequate dosimetric techniques, 
by a lack of uniform dosimetry among various reactor facilities, and by varied procedures to 
report dose and spectrum of neutrons used (Smith, 1961b). Hence, a certain degree of confusion 
exists concerning the results of early neutron experiments. 

Although valid comparisons of biological experiments conducted using various neutron 
sources still involve some difficulty, the situation has been improved considerably. In the case of 
seeds and other plant parts, the FAO/IAEA Technical Reports Series Nos 76, 92 and 141, Neutron 
Irradiation of Seeds, are recommended as being an excellent source of information on the problems 
of using neutrons in seed radiobiology. The FAO/IAEA Coordinated Research Program on Neutron 
Irradiation of Seeds has led to the development of a standardized neutron irradiation facility (SNIF) 
for use in swimming-pool and TRIGA-type reactors (Burtscher and Casta, 1967; Casta, 1968a). 
A simple unit which can be placed in a thermal column has been constructed also (Casta, 1968b) 
and is shown in Fig. 10. The SNIF has a lead shield which reduces the gamma radiation component 
to < 10% and a B4C layer which effectively eliminates thermal neutrons (Burtscher and Casta, 1967). 
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FIG. 11. Inside view of the Health Physics Research Reactor at the Oak Ridge National Laboratory, Tenn., USA, 
showing the reactor assembly in location to irradiate a group of potted plants. The dose rate is varied by varying 
the distance from the sample being irradiated to the reactor core. 

A versatile reactor designed for use in health physics, biological and related research exists 
at the Oak Ridge National Laboratory, Tennessee (USA). The reactor (HPRR) is a small, unshielded 
fast reactor with a core of enriched uranium alloyed with molybdenum (Auxier, 1965). A photo-
graph of the reactor assembly is shown in Fig. 11. The reactor is housed in a 'low scatter' 
building. Since the samples to be irradiated can be located virtually anywhere within approximately 
two-thirds of the reactor building, the sample size is not restricted (of course, sample geometry 
affects dose distribution). The fast neutron dose rate can be varied 12 orders of magnitude for a 
given sample geometry, and the gamma-ray contamination is approximately 10%. Dosimetry 
techniques have been described by Johnson and Poston (1967). 

The Radiological Research Accelerator Facility (RARAF) located at Brookhaven National 
Laboratory has been used for research in radiobiology. A range of neutron energies f rom 0.06 to 
15 MeV is available with a gamma-radiation (tissue kerma in free air) contamination of < 5%. 
Goodman (1972) described briefly the facility and dosimetric techniques that are utilized. The 
results of genetic experiments with Tradescantia stamen hairs indicated that 0.43-MeV neutrons 
had a relative biological effectiveness (RBE) that varied from 50 to about 15 as the X-ray dose 
increased from 5 to 100 rads (Sparrow, Underbrink and Rossi, 1972). Neutrons of lower energy 
(i.e. < 80 keV) have a lower RBE based on results from experiments with Tradescantia stamen 
hairs (Underbrink et al., 1971). 

Standard procedures for reporting descriptions of neutron irradiations have been proposed 
by the IAEA (1967, 1968), as well as standard biological tests to obtain a measure of radiation 
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FIG. 12. Separation of ionizations in relation to the size of a protein molecule (0 chain of myoglobin) and a DNA 
double helix when tissue is irradiated with ct-rays, fast neutrons (recoil nuclei) and gamma rays (electrons). (Note 
that the next ionization in the electron track will come 64 cm outside the picture.) 

efficiency. The latter rely on the linearity of seedling height reduction with neutron dose when 
irradiated barley seeds are germinated and grown under the recommended conditions of light, 
temperature, and humidity. 

Monoenergetic fast neutrons of energies 3.4 and 14.1 MeV can be obtained f rom accelerators 
where high-voltage deuterons are directed at deuterium or tritium targets. While these neutron 
generators are not yet generally available for practical work, their ou tpu t of monoenergetic 
neutrons makes them very useful for basic studies on the energy dependence of radiobiological 
action of fast neutrons (Smith et al., 1964; Harle, 1965; Rossi, 1966; Glubrecht and Hamann, 

Neutrons at rather low fluxes can also be obtained f rom radioisotopic sources such as 
J10Po-Be, 238Pu-Be, or 2 4 1Am-Be, but these have seldom been used for mutat ion induction 
(cf. Matsumura, 1966). The very recent introduction of 2 5 2Cf as an intense source of neutrons 
may have eventual practical application in radiobiological work (Reinig, 1968). 

2.1.6. Particles from accelerators 

Many types of accelerators have been constructed, e.g. the Cockroft-Walton, Van de Graaff , 
betatron, cyclotron, synchrocyclotron, synchrotron and linear accelerator. In general practice 
they are used to accelerate protons, deuterons and electrons, but monoenergetic fast neutrons 
can be obtained indirectly. The use of accelerators in biological research has been limited to 
fundamenta l studies, where it was desired to determine the radiobiological effect of such high-
energy particles. 

In the cyclotron, protons, deuterons and alpha particles are speeded up to high energies by 
repeatedly passing them through an electric field as they spiral outwards in the field between the 
poles of a large electromagnet. The betatron is a machine developed for accelerating electrons and 

1968). 
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Radiation dose ( arbitraiy units ) 

FIG. 13. Typical survival curves. 

is essentially a high-voltage X-ray machine. Caldecott (1955) gives information on experiments in 
which he used 2-MeV electrons obtained with a Van de Graaff electrostatic generator. 

Smith et al. (1965) have used the Alternating Gradient Synchrotron (AGS) at Brookhaven 
National Laboratory, a proton synchrotron operating at energies up to 33 GeV. Micke et al. 
(1964a,b) used the AGS to study the genetic effects of almost pure pi mesons and muons. No 
particular advantage of using particulate radiation from accelerators for the induction of mutations 
has yet been found. 

2.2. RADIOBIOLOGY 

2.2.1. Absorption of ionizing radiations in matter 

Gamma and X-rays are electromagnetic radiations and the photons are absorbed in matter by 
a process where part or whole of the photon energy is transformed into kinetic energy of an 
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electron. The electron, in turn, loses its energy by interacting with atoms and molecules, which 
then emit secondary electrons. Some of the secondary electrons gain enough energy to be ionizing 
particles themselves. These are called delta rays and, where the ionizations lie closer than in the 
primary track, branch out as small sidetracks from the primary path. \ 

The ionizations after irradiation with gamma, X and beta rays occur sparsely along the track 
of the ionizing particle. When the ionizing particle consists of an atomic nucleus, alpha rays or 
recoil nuclei knocked out by fast neutrons, the ionizations occur much more densely. The ion 
density is expressed in LET (linear energy transfer), which is the energy dissipated per unit length 
along the tracks of the ionizing particles. Gamma and X-rays are examples of low-LET radiations, 
alpha rays and fast neutrons (through recoil nuclei) of high-LET radiations. Figure 12 illustrates 
the ion density of different types of radiations in relation to molecular dimensions. 

2.2.2. Chemical effects of ionizing radiation 

In the ionization process positive radical ions and free electrons are produced. In biological 
systems the electron is trapped in the polar surroundings and there is time for the radical ion, which 
is both unstable and reactive, to react with other molecules or pass through internal rearrangements. 
In water solutions the free electron can polarize a number of water molecules and become what is 
called a hydrated electron (e^q). 

The free radicals generated in solution will sooner or later recombine with each other to form 
stable products. If molecular oxygen (a biradical) is present, it reacts readily with radiation-
induced free radicals to form peroxyradicals. Oxygen both changes and enhances the yield of 
products in irradiated systems. 

In the solid state, where molecular movements are restricted, the radiation-induced radicals 
are stable. This is the case in plant seeds of low water content. If the water content of the seeds 
is raised, the radicals decay, the decay rate being a function of water content. It is interesting 
to note that oxygen enhances radiation damage only if stable radicals are present (Ehrenberg, A., 
1961; Ehrenberg, L., 1960). 

Chemical changes in molecules may also occur in processes where the primary energy absorption 
take place in another molecule. The best example is water solutions, where most of the radiation 
energy is deposited in ionizations of water molecules. 

radiation 
H 2 0 > H 2 0* + e" 

H 2 0* • H* + OH' 

eaq > H' +OH" 

Recombination between the free radicals will result in the production of 

eaq + ejq • H2 + 2 OH" 

H' + H- >• H2 

OH' + OH' • H 2 0 2 

If oxygen is present, H' or e^q can react to form HOj radicals. All the radical species and H 2 0 2 

can react with solute molecules and result in chemical changes similar to those taking place after 
a direct ionization of a molecule. 

There is a difference, however, if water solutions are irradiated with low-LET or high-LET 
radiation. After low-LET radiation the radicals are formed at such distances from each other that 
reactions between radicals and solute molecules are favoured. In the track of a high-LET particle 
the radicals are formed close enough to favour intra-track radical-radical reactions. 
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2.2.3. Direct and indirect action in biological systems 

Bacteria irradiated with gamma rays have been found to be more resistant when kept frozen 
during the irradiation. It was believed that freezing cancelled the indirect action. Another 
approach to investigate the importance of the indirect action and to clarify which radical was the 
most biologically active, was taken by irradiating wet bacteria in the presence of substances that 
had radioprotective effects by virtue of their reactions with free radicals. A number of substances 
were investigated, differing with respect to reaction rate with OH', e^q (H ) and HOj, respectively. 
It was found that the radioprotective effect of a substance correlated only with its reaction rate 
constant towards the OH' radical, i.e. the OH' radical was the only active radical produced from 
water in this system. It could also be shown that, at maximum protection, the indirect action 
accounted for 60% of the lethal effect (Johansen and Howard-Flanders, 1965). Similar results 
have been obtained after irradiation of animal cells. 

2.2.4. Target theory and target molecules in biological systems 

Survival curves obtained after irradiation of various systems — enzymes, phages, bacteria — 
have been found to follow the general function u/n 0 = e"K D where u/n 0 is the surviving fraction 
after a radiation dose D (curve A in Fig. 13). 

To explain a survival curve of this shape it was assumed that a molecule or a cell has a radiation 
sensitive region of a certain size, the target. If no ionizing event takes place within this critical 
volume the molecule or the cell survives. If one or more ionizations occur within this region, 

.the whole molecule or cell is inactivated (Lea, 1955; Pollard, 1959). It could also be shown 
that for almost all enzymes and a number of single-stranded viruses the target size — the radiation 
sensitive region - was equivalent to the whole molecule, and that one defined event, an ion 
cluster, was required to inactivate the molecule. 

A radiation dose which would on the average lead to one inactivating hit per target does not, 
however, give 100% inactivation. Instead it is found that 1/e, or 37%, of the molecules or cells 
survive. This is due to the random distribution of ionizations within the irradiated volume and it 
means that as a compensation for the 37% undamaged targets some targets have received more than 
one hit. 

The D37 dose for inactivation is used as a measure of radiosensitivity, at the same time it 
indicates the size of the target in the irradiated biological system. The target size can be calculated 
from the D37 dose as shown by the following example. 

An enzyme is irradiated in the dry state where it can be assumed that only direct effects are 
responsible for the damage. From the dose response curve a dose is obtained where 37% of the 
enzyme activity remains. Assuming that this dose is 107 rads, the inactivating event is an ion 
cluster that averages around 60 eV dissipated energy. 

In one gram of the enzyme one then has 

107 X 6 X 1013 eV and (1 rad = 6 X 1013 eV/g) 

107 X 6 X 1013 

inactivating events 
60 

The D3 7 dose implies an average of 1 inactivating event per molecule. The molecular weight is then 

6 X 1023 X 60 
— - = 6 X 1 0 " daltons 
107 X 6 X 1012 

In many instances, however, the survival curves do not follow the simple kinetics indicated 
by curve A in Fig. 13. Instead a shoulder at low doses before the curve becomes linear and 
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approaches a single hit curve (see curve B in Fig. 13). One interpretation is that more than one 
target exists, and all of them have to receive one hit before the cell is inactivated. The shoulder 
then corresponds to a build-up region for hits in the biggest target. Extrapolation of the linear 
part of the shoulder curve gives the number of sensitive targets. 

A shoulder can also have another background and point to the existence of repair systems 
which at lower doses keep pace with the induction of damage up to a certain level. When the 
repair systems become saturated, excess hits in the target are not repaired and lead to inactivation 
of the cell. 

A number of approaches have been taken to identify the radiosensitive target in cells. Micro-
beams of ionizing radiations as well as u.v. light have been used to partially irradiate cells. These 
experiments have shown that irradiation of the cytoplasm has little effect on cell killing and delay 
of cell division compared to when the nucleus is irradiated (Zirkle, 1957). Similar conclusions have 
been reached when cells have been irradiated with low energy electrons, which penetrate only a 
limited distance into cells. The cells are killed only when the electrons reach the nucleus. These 
experiments also excluded the possibility that the outer cell membrane could be the target (Cole, 
Humphry and Dewey, 1963). 

Irradiation by internal emitters has shown that the cells are killed more efficiently when 
DNA is labelled (with 3H) than when other molecules in the cytoplasm are labelled. Feeding 
5'-bromodeoxyuridine to cells increases their radiosensitivity considerably. This compound is only 
incorporated into DNA (Szybalski, 1967). 

There are more experiments pointing in the same direction, that DNA is the radiosensitive 
target in viruses, bacteria and higher organisms. There are, however, also experiments that can be 
interpreted in such a way that under certain conditions other targets than DNA may be of 
importance (see Okada, 1970). 

2.2.5. Reproductive and interphase death 

The lethal action of ionizing radiations on cells is usually measured as the loss of mitotic 
activity. Indirect evidence that this is the result of chromosomal aberrations has been obtained 
in several systems. A direct proof was given by Grote and Revell (1972) who under the microscope 
followed the fate of irradiated single hamster cells. Chromosomal aberrations could be detected 
in the living cells as chromosomal fragments visible at anaphase or as micronuclei visible during 
interphase after cell division. They found an absolute correlation between appearance of a fragment 
and the loss of colony-forming ability. If a cell contained a fragment, it could divide once or twice 
but then no further divisions occurred. This was true for normal cells. Tumour cell lines, however, 
were found to be more resistant and could to some extent tolerate loss of chromosome material. 

Though it seems evident that the loss of a considerable amount of the genetic material would 
lead to cell death, it is a fact that non-dividing cells also die. This is called interphase death and 
generally requires larger doses of radiation than reproductive death. To distinguish 'dead' from 
'living' cells a number of methods are commonly used, dye staining, the appearance of pycnotic 
nuclei, 5 lCr uptake and oxygen consumption (see Okada, 1970; Wohrmann and Micke, 1959). 

Interphase death is accompanied by a leakage of various components out into the medium; 
for example, one can detect the release of histones and nuclear enzymes from the nucleus of 
irradiated cells. A number of mechanisms have been discussed, such as the impairment of ATP 
synthesis, alteration of membrane permeability and nuclear disorganization. 

2.2.6. Damage to DNA 

Irradiation of DNA, either in solution or in the solid state, produces a number of chemical 
changes, the same ones as can be observed after irradiation of the simple nucleotides. Release of 
phosphate and bases can be observed. The bases are attached by deamination, by breaking up 
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of the cyclic structure and formation of peroxides. In deoxyribose the oxidation of the alcohol 
groups can take place, breakage of carbon — carbon bonds is also common. A number of these 
chemical alterations will also affect the DNA molecule as a whole. An attack on deoxyribose, for 
example, will lead to a strand-break, i.e. the linear structure of the backbone is interrupted in one 
strand — a single-strand break — or the backbone is broken in both the strands, close enough to 
break the double helix — a double-strand break (Fig. 14). 

As mentioned earlier, a great number of different types of chemical changes are induced by 
ionizing radiations and this has made it difficult to sort out which are the biologically most 
important changes. To this is added the fact that the original spectrum of chemical changes is 
altered by enzymatic repair. What then remains of damage in the DNA will be below the range of 
existing analytical methods. This is in contrast to the effects of ultra-violet light, where we know 
a lot more. Firstly, u.v. induces only a few changes in DNA, a major one being the pyrimidine 
dimer. This radiation product can be brought back to the original molecular configuration by 
photoreactivation, and the biological consequences studied. This product is also stable under 
conditions where DNA is hydrolysed. This has made it possible to elucidate lethal as well as 
mutagenic and cancerogenic action of u.v. damage in cells. 

As mentioned above, for several reasons it has been difficult to investigate radiation-induced 
damage to DNA by chemical analysis and to correlate this with observed biological effects. On 
the other hand, a physico-chemical approach has led to some success. A number of chemical 
changes in the backbone region will lead to breakage of the DNA chain. In the case of a single-
strand break the linear integrity of the DNA molecule will still be intact. If two single-strand breaks 
in opposite strands are produced close enough to each other — resulting in a double-strand break — 
the molecule will break into two pieces. 

DNA molecules can be sorted out according to their size by sedimentation in ultracentrifuge. 
Since large DNA molecules can be handled in this way, sedimentation studies of DNA are a very 
sensitive method to detect strand breaks in DNA. In the case of single-strand breaks the molecule 
from a physico-chemical point of view is still intact. To detect single-strand breaks the two DNA 
strands in the double helix have to be separated. Most commonly this strand separation is obtained 
by sedimenting the DNA under alkaline conditions. 

By this technique it was possible to measure the number of X-ray induced single and double-
strand breaks in bacteriophages and compare these figures with the lethal action of the radiation. 
Phage DNA was extracted after irradiation and altered to sediment in an analytical ultracentrifuge 
(Freifelder, 1965). It could be shown that for phages irradiated in phosphate buffer induction of a 
double-strand break was lethal to the phage. Single-strand breaks, which were produced ten times 
more frequently, seemed, however, to be harmless. The single-strand breaks could be tolerated by 
the phage since those breaks could be repaired by the host. Base damage, however, also ccounted 
for phage killing. 

Sedimentation studies were at this point limited to phage DNA. Extraction of DNA from 
bacteria or mammalian cells led to mechanical destruction of the DNA to such an extent that the 
effect of radiation could only be detected after high doses. A very simple solution of this problem 
was obtained by McGrath and Williams (1966). They allowed the 'extraction' of DNA to take place 
straight on an alkaline sucrose gradient in the centrifuge tube. Induction of breaks could now be 
studied within a dose range where the bacteria survived. It could also be shown that bacteria 
had the capacity to repair single-strand breaks. Later it has been shown that double-strand breaks 
also are repairable (Dean, Feldschreiber and Lett, 1966). There are indications that a difference 
in radiosensitivity could be due to the capability to repair double-strand breaks. 

Which are then the lesions responsible for the lethal effects of ionizing radiations in bacteria 
and higher organisms? There are indications that double-strand breaks represent the most important 
radiation-induced DNA damage. One reason for this assumption is the fact that irradiation of G1 
cells produces chromosome aberrations that are detectable in the subsequent mitosis. Ultra-violet 
and radiomimetic chemicals in general give only chromatid aberrations. If we assume that the 
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G1 chromosome contains one supercoiled DNA-helix, the chromosome aberrations would indicate 
double-strand damage and chromatid aberrations single-strand damage. Ionizing radiation seems 
to be the only agent that can induce double-strand breaks by a one-hit event, i.e. double-strand 
breaks are formed in significant numbers at low doses. 

2.2.7. Oxygen effect and influence of LET 

The presence of oxygen enhances the lethal and mutagenic effects of ionizing radiations (see 
also section 2.5). This can be explained by the fact that oxygen reacts with radiation-produced 
radicals, which both increases the yield of products and modifies the spectrum of chemical changes. 
One component of the oxygen effect is probably a pure chemical effect, an increased destruction 
of a chemical configuration when the free radical reacts with oxygen. Oxygen seems, however, 
also to be able to interact in a physico-chemical way. 

With the help of electron spin resonance (ESR) one can show that the random appearance of 
unpaired electrons on molecules shifts with time to give more specific localizations of free radicals. 
Irradiation of DNA at low temperature, for example, gives a spectrum indicating random positions 
of the free radicals. When the DNA is warmed up the spectrum shifts to be similar to that obtained 
by irradiating only thymins. It is reasonable to assume that similar processes could take place in 
biological systems, i.e. the radicals originally present in the DNA, for example in the backbone 
region, with the risk of strand breakage, can be transferred to the thymin residue or even to the 
protein components of the chromosomes. In both cases the damage will be less harmful. If 
oxygen is present, it can react with the primary radical and fix the damage in a more vulnerable 
position. 

When gamma rays and, for example, fast neutrons are compared, it is found that the gamma 
doses have to be higher than the neutron doses to induce a certain biological effect. The Relative 
Biological Effectiveness (RBE) of neutrons is higher. A number of investigations have shown the 
RBE is a function of LET. Although the maximal RBE values obtained vary, depending on the 
effect and organism studied, the RBE increases with LET up to a maximum and then decreases 
again (see Okada, 1970). 

Different models have been presented to explain this phenomen. One hypothesis is based 
on the idea that the target required a minimum number of ionization within a small critical volume 
to be inactivated. Increasing ion density would increase the probability of an accumulation of 
ionization within a small volume. One could also understand why the RBE decreased after the 
maximum was reached. If more ionizations than required for inactivation were deposited within 
the critical volume, the surplus would be wasted. 

Another attractive model was based on interactions between lesions. The lethal event in 
higher cells has been shown to be a chromosomal aberration. According to one theory, all 
aberrations could be regarded as an exchange process, requiring two lesions, one in each chromo-
some (Revell, 1966). The exchange could only take place if the two events were close enough. 
Assuming a critical maximum distance for an exchange to take place, one could show that with 
increasing LET the probability of finding two events within the critical distance increased. 

Both the models discussed could (despite being entirely different) account for the effects 
observed. 

2.2.8. Repair of DNA 

For a long time it has been clear that the primary damage induced by ionizing radiation is 
modified in enzymatic repair processes and only a small fraction of the damage remains to be 
realized in a biological change (see Lea, 1955). 

Bacteria that have received a lethal dose of u.v. light are able to recover if they, before 
plating, are illuminated with visible light. It was found that the main lethal event induced by u.v. 
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in the DNA, the pyrimidine dimer, was monomerized in situ, and that an enzyme was responsible 
for this effect. To perform its function the enzyme required an energy source, visible light. 

It was, however, soon recognized that bacteria possessed repair processes that also functioned 
in the absence of light (Howard-Flanders and Boyce, 1966). This 'dark' repair differed from 
photoreactivation in that the pyrimidine dimers were not altered. The dimers were instead 
removed as such from the DNA and replaced by new material. In this process several enzymes are 
involved, starting with an endonuclease which makes a cut in the defect-containing strand adjacent 
to the dimer. An exonuclease digests away part of the defective strand and in the gap thus formed 
new nucleotides are filled-in by a polymerase. As a final step, the newly synthesized piece is 
joined to the old strand by a ligase. The whole process is known as excision repair. 

The repair studies of DNA damage after ionizing radiation have been focussed on the joining 
of single and double-strand breaks. In both bacteria and animal cells this repair is efficient and a 
very fast process. It is, however, interesting to note that a fraction of the breaks remain unrepaired. 
This fraction of unrepaired breaks is significantly higher after fast neutron irradiation than after 
gamma rays (Ahnstrom and Edvarsson, 1974). One reason for this can be that the high ion density 
after fast neutron irradiation gives a locally more extensive damage, and is therefore more difficult 
to repair. 

Repair processes of the u.v. type discussed above have also been looked for. Indication of 
base damage and its excision has been obtained, but no conclusive evidence with regard to the 
biological consequences of this damage is available. 

There is also a clear difference between the u.v. type of excision repair and the one that takes 
place after ionizing radiation. When a pyrimidine dimer is replaced by new material several hundreds 
of nucleotides may be inserted for every dimer removed. After gamma rays only a few nucleotides 
per lesion are inserted. This indicates that different repair enzymes are involved, depending on the 
type of damage. 

2.3. DOSIMETRY 

2.3.1. The absorbed dose 

In quantitative radiation biology it is desirable to relate the observed biological effect to a 
well-defined and easily measurable physical quantity characterizing the amount of radiation 
responsible for the effect. It is generally accepted that it is the 'absorbed dose' that best meets 
this demand. Therefore, it is common and convenient to describe radiation effects in biological 
targets in terms of dose-effect relationships. 

The absorbed dose (or, briefly, dose) D for any ionizing radiation is defined as the amount 
of energy absorbed per mass of irradiated matter at the point of interest (ICRU Rep. 1964, 1971). 
The special unit of absorbed dose is the rad, where 

1 rad = 100 eig/g = 10"2 joule/kg 

The (absorbed) dose rate D is the quotient of the dose increment AD by the time interval At 
during which the dose AD was delivered, i.e. 

D = —— 
At 

D is usually expressed as rad/h, rad/min, and rad/s. Clearly, a constant dose rate means that the 
absorbed dose increases linearly (proportional) with time. 
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It should be noted that, although the concept of absorbed dose is independent of any specified 
material, irradiation of two different materials under exactly equal conditions will generally lead 
to different absorbed doses in the two materials. This is so because of the different absorption 
coefficients of the two materials. 

2.3.2. The exposure 

In many practical cases absorbed dose is not measured directly, but calculated from the 
measured number of ions produced in air by the ionizing radiation. Measurements of this kind are 
done with ionization chambers and the quantity measured in this way is called 'exposure'. 
Exposure x is defined as the electric charge AQ (of one sign) produced in dry air of standard 
conditions by X or gamma radiation divided by the mass Am of the air (when all the secondary 
electrons liberated by the photons are completely stopped in the corresponding air volume) (ICRU 
Rep. 1964, 1971): 

AQ 
Am 

The special unit of the exposure is the roentgen (R), where 

1 R = 2.85 X 10"4 coulomb/kg air 

A x 

The exposure rate x is defined as x = Usual units of exposure rate are R/h, R/min, or R/s. 

2.3.3. Rad/R conversion 
The average energy required in air for formation of one ion-pair amounts to 33.7 eV. The 

energy necessary to produce the number of ions corresponding to 1 R can therefore be calculated 
and amounts to very nearly 87 erg/g. Hence, the absorbed dose D at a point in air uniformly 
exposed to x roentgens of X or gamma radiation is 0.87 • x rads (ICRU Rep. 1964). The absorbed 
dose for another material subjected to the same exposure can be calculated from D = f • x, where 
f is the rad/R conversion factor. It is dependent on the particular material and.on the radiation 
energy. For water and 6 0Co gamma radiation f = 0.965 (ICRU Rep. 1964). 

2.3.3.1. Specific gamma-ray constant 

For many practical applications it is important to know the exposure rate at a certain distance 
from a radioactive source. For the simplest case, the point source, the answer is given by the specific 
gamma-ray constant T. It is defined as 

where x is the exposure rate at distance 8 from the point source, and A is the activity of the 
source. For 60Co, T = 13.2 (R cm2/mCi h). Values of T for other radionuclides can be found in 
Marth (1966). 

As long as the absorption and scattering of the radiation may be neglected, the exposure 
rate x (£) at any distance from the point source can be calculated from 
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FIG.15. Ionization chamber for measuring total neutron and gamma dose rate. The chamber for measuring 
only gamma dose rate is identical except that magnesium is substituted for CH and Teflon for polystyrene. 

For example, x at 2 m from a 1000-Ci 60Co source is approximately 330 R/h. In the case of a 
source with finite dimensions the exposure rate is obtained by integration of the above equation 
over the volume of the source (Minder, 1961). 

2.3.4. Dose determination by ionization chambers 

In radiation biology it is common to use tissue-equivalent ionization chambers, i.e. chambers 
whose walls and gas consist of material having elemental composition similar to that of body 
tissue. The response of such a chamber is rather independent of its size and of radiation quality. 

In the case of mixed field radiation composed of fast neutrons and gamma radiation two 
chambers are used, one (a) being sensitive to both radiations, and the other (b) insensitive for 
neutrons. The wall of chamber (a) is made o'f material having atomic composition carbon and 
hydrogen (e.g. a mixture of paraffin and powdered graphite, in ratio 1:0.92 by weight). 
Acetylene, C 2 H 2 , is used as chamber gas. As to chamber (b), a compromise must be adopted 
since the chamber material, although tissue-like, must not contain hydrogen in order to have a 
smal l r e s p o n s e t o n e u t r o n s . M a g n e s i u m as wal l ma te r i a l a n d a rgon as c h a m b e r gas have p roved t o 
be satisfactory. Figure 15 shows a section through the axis of a CH chamber. The chamber for 
measuring only gamma doses is identical except CH is substituted by Mg and polystyrene by 
Teflon (Neary and Williamson, 1961; Ahnstrom, 1968b). 

It is preferable to operate these chambers with a constant gas flow (with a flow-rate of a few 
millilitres a minute) and to measure the chamber current, i.e. to use the chambers as dose-rate 
meters. In this mode of operation an electrical connection is needed between the chambers and 
the electronics (300 V stabilized voltage supply; electrometer system sensitive to 10~12 A). It 
is convenient to calibrate both chambers with 6 0Co gamma radiation of known dose rate. If f a 

and fb are the calibration factors (rad/A-s) obtained for the two chambers (a) and (b), the gamma 
dose rate D-y and the neutron dose rate D n in the mixed field of the irradiation facility are 
obtained from 

D7 = f a ' i a (rad/s in CH) 

Dn = f b ' i b - fa'ia (rad/s in CH) 

where ia and i b are the currents (A) of the two chambers (a) and (b), respectively. In deriving these 
equations it was assumed that chamber (b) is completely insensitive to neutrons, and that the 
energy required for ion-pair formation by each type of radiation is the same. 

Whereas a gamma dose does not appreciably change when the atomic composition of the 
absorber is slightly modified, neutron dose does. Therefore, the above equation for Dn is valid 
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only for a tissue having a hydrogen content of 7.7 and 92.3% carbon by weight. To obtain the 
neutron dose in the actual biological material from the neutron dose measured in CH the atomic 
composition of the former has to be taken into account. The contribution to neutron dose per 
weight per cent of element, relative to dose in CH, is given by the IAEA (1968, Annex II). 

These values are calculated for a fission spectrum, but errors caused by differences in the spectrum 
will amount to only a few per cent. 
Example: Neutron dose Dj in tissue of composition 

10% H, 1 5% C, 3% N, 72% O: 
DT = D C H ( 1 0 X 0.1 12+ 15 X 0.0015 + 3 X 0.0014 + 72 X 0.0012) 

= 1.23 D C H 

2.3.5. The Fricke dosimeter 

The Fricke or ferrous sulphate dosimeter is a very useful chemical system for gamma dose 
measurements. With some modifications it can also be used for neutrons and mixed gamma-
neutron fields, but with reduced accuracy. Combined use of ionization chambers and the 
Fricke dosimeter is recommended whenever it is desirable to have two independent dose 
measurements. 

The standard Fricke solution for measurement of gamma doses consists of 

Ferrous ammonium sulphate Fe(NH4)2 • 6(H 20) 10"3 mol/1 
Sodium chloride NaCl 10"3 mol/1 
Sulphuric acid H 2 S 0 4 0.4 mol/1 

in aqueous solution (Fricke and Hart, 1966; Brosziewicz, 1967). 
Pyrex glass should be used for preparation of the solution. All reagents should be analytical 

reagent grade. Use of bi-distilled water is recommended and precautions should be taken to avoid 
any contact of the solution with organic substances and metals. 

Under irradiation, the Fe2+ ions are oxidized to Fe3+ ions, the concentration of which is 
proportional to the absorbed dose in the solution. The concentration of the Fe3+ ions is usually 
determined by measuring the optical density of the solution with a spectrophotometer at a wave-
length of 304 nm. 

The absorbed dose D is obtained from 

Example: Element Relative neutron dose 
0.112 

0.0015 
0.0014 
0.0012 

H 
C 
N 
O 

D = 
9.64 X 10s (d-d.) 
G ( F e 3 + ) p l e 

rads 

where d = optical absorption of irradiated solution at 304 nm 
d. = absorption of unirradiated solution (control) 
G(Fe3+) = G-value (100 eV) - 1 

= 15.5 for 60Co radiation 
p = density of the solution 

= 1.024 for standard solution 
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1 = thickness of solution (normally, 1 cm quartz cells are used) 
e = extinction coefficient of Fe3 + (1 /mol cm) 

= 2190 at 304 nm and 25°C 
(e increases with temperature by 0.7% per 1°C). 

I 
The standard Fricke dosimeter can be used in the dose range 4000—40 000* rads for gamma 

radiation. Since it provides an accurate and direct dose determination, it can be used for calibration 
of other systems, e.g. ionization chambers. With less accuracy it can also be used for neutrons. 
Its yield (G-value) for fission neutrons has been estimated to be 7. 

2.3.6. The FeCu dosimeter 

If the gamma and fast-neutron doses from a mixed field are to be determined separately, two 
chemical systems with different yields must be used. By adding Cu2+ to the Fricke solution its yield 
is drastically reduced (and its dose range extended by the same factor). Using a solution composed 
of (Fricke and Hart, 1966; Brosziewicz, 1967; Ahnstrom, 1968c) 

Ferrous sulphate, FeS0 4 10~3 mol/1 
Copper sulphate, CuS0 4 10~2 mol/1 
Sulphuric acid, H 2 S 0 4 5 X 10~3 mol/1 

the following G-values have been reported: 

G(FeCu) = 0.66 for 60Co radiation 
= 2 for fission neutrons 

The fast-neutron and gamma doses delivered by a mixed field are obtained from: 

D n = (23.6 - d* - d) a 10~4 rads in H 2 0 

D = ( d - b d * ) c 10"4 rads in H 2 0 

where d and d* stand for the optical densities of the irradiated solutions at 304 nm and 25°C in 
the Fricke and FeCu dosimeters respectively, and a = 1.08, b = 3.59, c = 3.22 for a fission spectrum. 
Ahnstrom (1968c) gives numerical values for a,b,c for different distances from the core of a light-
water moderated reactor. 

2.3.7. Fast-neutron dose estimation by sulphur activation 

The 3 2S(n,p)3 2P reaction can be used for estimation of fast-neutron fluence and fast-neutron 
dose (IAEA, 1968, Annex II). It is convenient to use sulphur pellets 5 mm thick and about 10 mm 
in diameter. Relative counting methods for the Inactivity of 32P are sufficient. 

Since the actual neutron spectrum is not known, results of measurements are given in 
terms of equivalent fission fluence: 

A S T 
0f = — f — (cm 2) 

<o >-N 
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where As = specific saturation activity (dps/g) 
<af> = average cross-section of the reaction for a fission-neutron spectrum 

= 65 X 10"27 (cm 2 ) 
T = irradiation time (s) 
N = number of 32S atoms/g sulphur 

= 1.791 X 1022 

The half-life of 32P is 14.4 days. 
Assuming a fission-spectrum the fast-neutron dose in (CH) is obtained from the equivalent 

fission fluence by 

D n = 2.5 X 1CT9 <t>f rads 

2.4. OBJECTS AND METHODS OF TREATMENT 

All plant parts can be irradiated by one method or another, but some are easier to treat than 
others. Besides the commonly treated seeds and pollen, whole plants, cuttings, tubers, corms, 
bulbs, stolons and cells, tissues or organs in artificial cultures may be irradiated. 

There are wide differences in the radiosensitivity of various plant parts; the reaction of a given 
type of cell to radiation depends on physiological conditions at the time of irradiation as well as 
on pre- and post-irradiation conditions. To produce equal amounts of chromosome damage in 
root tips of onions, by irradiating different organs, doses in a 1 : 8 : 8 0 ratio had to be delivered to 
the growing root, the dormant bulb and the seed, respectively (Sax, 1941). The decision to be 
made by the investigator concerning the most appropriate plant part or stage to expose requires a 
thorough knowledge of the organism and clear objectives of the experiment. 

2.4.1. Types of plant material 

2.4.1.1. Whole plants 

Large plants are most easily irradiated in a gamma field or a gamma room. Seedlings or small 
plants can easily be irradiated by most X-ray machines or by gamma sources in a greenhouse or 
shielded rooms. Sparrow (1966) gives many details and references to procedures and techniques 
used to irradiate whole plants. The facilities at the Brookhaven National Laboratory have already 
been described in detail. At the Laboratory of the Association Euratom — ITAL in Wageningen, 
the Netherlands, a controlled environment room under the reactor permits an investigator to 
irradiate whole plants with neutrons, either acutely or chronically. Gamma fields were once used 
considerably but are now rarely built since other methods of treatment have proved to be more 
economic for plant breeding, at least for seed-propagated plant species. 

2.4.1.2. Seeds 

Seeds are the favoured material for irradiation in many mutation induction experiments and 
in practical breeding. Nilan et al. (1961) have pointed out the advantages of using barley seeds, 
and these would apply to most other species. Seeds can be irradiated in many physical environments 
normally tolerable only to non-living molecules. They can be desiccated, soaked, heated or frozen. 
They can be maintained for extended periods of time under a vacuum almost free of oxygen as 
well as under high pressures of oxygen or other gases. When dry, the seeds are almost inert 
biologically and these severe environmental conditions cause no significant biological damage. 
This is fortunate since these rigid conditions are necessary for proper control of factors that modify 
the radiation damage induced in the seed. 
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Dry dormant seeds are also easiest to handle and can be shipped over large distances. However, 
larger radiation doses are required to produce sufficient genetical effects than when other plant 
material is irradiated. This can be significant when available facilities limit the dose rates. On 
the other hand, soaking of seeds before irradiation reduces the dose level required but introduces 
some complicating factors. It is not easy to reproduce treatment conditions with soaked or 
germinating seeds. 

Soaking barley seed for longer than 8—12 h at 30°C or 2 0 - 3 5 h at 20°C caused damage 
(Froese-Gertzen et al., 1964). If long periods of soaking are desired, it is recommended that the 
temperature be maintained near 0°C (seed of certain species do not tolerate such low-temperature 
soaking) and that either air or oxygen be supplied. Briggs (1966) reported that maize seed is more 
tolerant than barley to being soaked in water and then redried. Thus, differences in response to 
seed soaking probably exist among species. The following references are recommended for 
information pertinent to seed soaking and redrying for mutagenic treatment with radiations and 
chemicals: Konzak, Wickham and DeKock (1972) and Gaul et al. (1972). 

The role of, e.g., seed moisture, post-irradiation storage time and chemical mutagens as 
modifying factors are discussed in sections 2.5 and 3. 

Ultra-violet irradiation of seeds to produce genetic effects has not been very successful. 
However, mutations have been produced in barley by u.v. irradiation of the seeds when various 
pre-or post-treatments were performed (Lunden and Wallace, 1961; Natarajan and Nirula, 1963). 

2.4.1.3. Pollen grains 

A great advantage of the pollen irradiation method as opposed to the irradiation of seed or 
growing plants is the fact that the former rarely produces chimeras, i.e. the M, plants resulting 
from fertilization of unirradiated egg cells by irradiated pollen will be fully heterozygous for any 
induced mutation (see section 5.4). The disadvantages of pollen irradiation include the difficulty 
of obtaining sufficient material from some species and the frequently rather short viability of 
pollen. By using proper techniques, however, pollen of some species can be kept alive for several 
months. Large quantities of pollen are obtainable from most naturally cross-pollinated plants 
such as maize (25 million pollen grains per plant; Kiesselbach, 1949). Emmerling (1955) and 
Neuffer (1957) reported experiments in which they treated maize pollen with u.v. and X-rays. 
If it is difficult to collect an adequate supply of pollen to apply radiation treatments, the florets 
need to be exposed to the more penetrating types of physical mutagens. 

Pollen grains are generally considered to be the only plant part that can be readily treated with 
u.v. radiation. An extensive review of various aspects of pollen radiobotany has been made by 
Brewbaker and Emery (1962). They compared the radiosensitivity based on pollen germination 
as it is affected by desiccation, oxygen and temperature. Types of chromosome breaks found 
after irradiation and the effects of pollen storage on aberration frequencies are described. They 
also discuss methods of treating pollen with u.v. light and chemical mutagens, and compare the 
effects of u.v. and X-radiation. 

Ikenga and Mabuchi (1966) reported that, for u.v. irradiated pollen, the frequency of 
mutations affecting the whole endosperm in maize was considerably decreased by post-treatment 
with visible light, while the frequency of partial mutations (chimeras) were slightly increased by 
the post-treatment. Similar post-treatment of gamma-irradiated pollen did not modify the 
mutation frequencies. 

Pre-soaking of Antirrhinum pollen was shown to increase sensitivity to X-rays, but this effect 
was nullified when the pre-soaked pollen was re-dried before X-radiation (Kaplan, 1949). Brock 
and Franklin (1966) irradiated tomato pollen with gamma rays for 10 d, the pollen being stored 
over dry calcium chloride during irradiation; this treatment was compared to the gamma treatment 
of fresh pollen and it was found that the chronic irradiation was six times more effective. 
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Rudolph (1965) collected male strobili-bearing branches from a white spruce tree two days 
before anthesis. The branches were irradiated at the beginning of anthesis at dosages of 0, 400, 
600 and 800 R in a gamma field. Female strobili were pollinated with the irradiated pollen. 

A somewhat similar procedure has been used by Stadler (1928), Bianchi and Contin (1963), 
and Briggs and Smith (1965). In these studies X-radiation was applied to the tassel area of maize 
plants while they were in meiosis. 

Sparrow and Konzak (1958) discussed and illustrated two pieces of equipment, one designed 
for the irradiation of small objects such as anthers, pollen or small seeds with beta radiation and 
the other for irradiation of buds and other localized plant parts. 

2.4.1.4. Meristems 

Seed irradiation is essentially a treatment of the embryo meristems. The anatomy and pattern 
of embryo meristems is important for mutagenic treatments of seeds (as well as other plant material) 
since it determines whether a mutated cell will be lost during differentiation or produce sufficient 
cell progenies to be found throughout much of the plant including germinal tissue (see also 
section 5.4). Seeds of many plant species contain well-differentiated embryos, e.g. barley resting 
embryos have 3—4 primordial leaves, two axillary buds and the apical meristem (Jacobsen, 1966; 
Mullenax and Osborne, 1967). Jacobsen (1966) concluded that in barley there are six spikes for 
which the 1 —2 initial cells that eventually produce sporogenous tissue exist in the embryo at the 
time resting seeds are treated mutagenically. In earlier work with barley it was concluded that 
4—5 apical meristem cells present in the embryo of mature seeds produce the main and secondary 
tillers (Gaul, 1961a; Sarvella, Nilan and Konzak, 1962). Irradiation of the barley proembryo at the 
proper stage of development, however, leads to all the above-ground portions of the plant being 
derived from a single surviving initial cell (Mericle and Mericle, 1962). The embryo of a mature 
maize seed also has up to 5 primordial leaves plus axillary buds and the number of apical meriste-
matic cells has been estimated to be between 5—6 (Stein and Steffensen, 1959b) and about 14 
(Smith et al., 1962). Any mutation induced by irradiation of a seed will appear in only a sector of 
the mature plant; furthermore, it is improbable that the mutation will occur in both the ear and the 
tassel. A mutation in either of them would result in a heterozygous plant in the second generation 
which segregates in the third generation. Singleton and coworkers have done research on this 
problem and they state that this difficulty could be overcome by irradiating the one-celled 
proembryo which affords the opportunity to recover a uniform (non-chimeric) plant (Chatterjee, 
Caspar and Singleton, 1965). 

The structure of meristematic regions and the formation of new meristems from differentiated 
tissue is particularly important in irradiation of vegetatively propagated plants. When leaf cuttings 
are made in the African violet, new shoots originate in most cases from a single epidermal cell of 
the petiole (Naylor and Johnson, 1937). Thus it should be easy to obtain homoliistant mutants . 
plants by irradiating petioles. Of 154 mutant plants obtained by Sparrow, Sparrow and Schairer 
(1960) one was a chimera. By appropriate techniques many other plant species can be caused to 
regenerate shoots and plantlets from single cells of differentiated tissue. Broertjes (1969, 1972; 
Broertjes and Leffring, 1972) has reported on the successful application of the adventitious bud 
technique to recover radiation-induced non-chimeric mutant plants in several genera of ornamentals 
reproduced asexually. Evidence obtained by Moh (1961) from M, morphological mutants suggests 
that (except for the epidermis) young coffee shoots may develop from a single cell of the corpus. 
There are reasons to expect that more plants will be found in which shoots can be made to develop 
from one cell. This would facilitate a more efficient use of mutation techniques. 

A procedure to irradiate the apical meristem of Kalanchoe with beta rays of a *°Sr/90Y 
source was given by Stein and Sparrow (1966). 
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2.4.1.5. Cells and/or tissue in culture 

The use of cells and tissues in culture offers an exciting potential application in mutation 
breeding of higher plants (see section 12, which also describes the potentials and the advantages 
of cells and tissues in culture). Eriksson (1967a) published results of ultra-violet and X-ray 
irradiation of Haplopappus gracilis cultured cells in terms of mitotic inhibition and lethality. 
Opatrny (1973) reported on the relative growth rate of Nicotiana tissue cultures treated with 
N-methyl-N-nitrosourea and N-methyl-N-nitrosourethane, two chemical mutagens. Carlson (1970) 
treated haploid cells of Nicotiana tabacum (L.) cv Wisconsin 38 with ethyl methanesulphonate 
(EMS) from which he was able to isolate auxotrophic mutants. The same experimental protocol 
was utilized to induce and isolate mutants of Nicotiana tabacum (L.) resistant to methionine 
sulphoximine (MSO), an analogue of methionine that elicits symptoms similar to those of wildfire 
in tobacco (Carlson, 1973a). Thus, one can infer that with time more information relative to the 
application of mutagenic agents to cells and tissues in culture will make this approach a very 
powerful tool for mutation breeding. 

2.4.2. Treatment conditions 

The investigator who desires to cause mutagenic effects in plants using radiation has a number 
of experimental variables at hand as regards the irradiation technique itself. 

2.4.2.1. Dose rate 

The rate at which a given dose of radiation is administered (dose rate) frequently has a 
significant effect, both qualitatively and quantitatively, on the results obtained. For this reason the 
dose rate should be carefully chosen and recorded in all experiments. 

Genetic changes caused by a single track give a linear relation to dose and are not affected by 
dose rate. But many chromosomal aberrations require two or more events (breaks) if caused by 
X or gamma rays. They show a curvilinear relation to dose and since a time factor is involved, 
they are affected by dose rate. 

Studies by Sax (1939) indicate that X-radiation of high intensity is more effective in producing 
chromosome aberrations in Tradescantia microspores than the same dosage given at low intensity. 
Somatic mutation rates have been determined in several different species of plants, e.g. Lilium, 
and it has been found that mutation rate per roentgen of exposure is related to exposure rate 
(Sparrow et al., 1961). 

Nishiyama et al. (1962, 1964, 1966) and Ichikawa and Nishiyama (1963) observed that 
somatic mutation frequency in A vena increased with increasing radiation exposures giving non-
linear responses and that low dose rates and fractionated exposures were less effective in inducing 
somatic mutations than high dose rates and non-fractionated exposures. 

For chlorophyll mutations, a dose-rate dependency of their frequency was clearly found in 
some experiments by Matsumura (1964) with rice and einkom wheat, where acute irradiations 
showed in general a higher mutation frequency than the chronic ones and also showed that in the 
acute treatments applied just before sowing the mutation frequency increased in a linear relation to 
dose. However, he suggests that in other experiments storage effects after irradiation were involved. 
He concluded that, in general, recovery phenomena for radiation damage from chronic irradiation 
and dose-rate dependency of mutation frequency must be involved. But they might be often 
masked to a variable degree by storage effects after irradiation, depending upon different materials, 
total dose and dose rate, and also the environmental conditions (moisture content, oxygen 
temperature, etc.) of the stored seeds (see also section 2.5). 
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Most studies have shown that the effectiveness in producing plant damage and mutations is 
either dose-rate independent or the high intensity is more effective than lower intensity. An 
exception to this was found by Natarajan and Marie (1961) working with barley and maize. 
This time-intensity factor (intensity of radiation or manner of dose fractionation) does not operate 
to any appreciable degree in seeds with a moisture content of 10%, but in drier seeds has been 
shown to be an expression of storage effect accumulated during the period of irradiation and is thus 
dependent on the moisture content. 

Bianchi and Giaccetta (1964) reported that fractionation of the X-ray dose does not systemati-
cally affect the rate of the induced genetic damage of maize pollen. Although the dose-effect 
relationship in maize pollen is interpreted at times as essentially linear, the same data do not 
contradict a curvilinear expectation. 

The response to dose rate is used as a criterion for distinguishing single-hit from multi-hit 
events. X-ray experiments were carried out by Smith and Rossi (1966) at different dose rates 
ranging from 10.3 to 1738 rad/min applied to heterozygous seeds. A statistical analysis of the 
results showed no relationship between dose rate and frequency of yellow-green sectors in maize 
seedlings within this range. This supports the interpretation that those sectors are produced by 
single-hit events. 

A dose-rate effect and multi-hit curve can look about the same, i.e. both are curvilinear. It 
therefore appears as if various studies do not clearly answer the question whether or not the 
radiation effect is dependent on dose rate. In some cases the storage effects seem to overlap the 
dose-rate effects. 

2.4.2.2. Acute versus chronic irradiation 

Exposures that are continued over long periods of time (usually weeks, months or years) 
are referred to as chronic. Exposures delivered in minutes or a few hours are referred to as acute. 
Almost any source of radiation can be used for acute exposures. A comparison of acute versus 
chronic irradiation usually implies a comparison of high versus low dose rates. 

Several "Gamma Field Symposia" have been held at the Institute of Radiation Breeding in 
Japan and the proceedings can be consulted to obtain information on acute and chronic irradiations. 
Comparative studies on the effects of acute and chronic doses of X and gamma rays have been 
made in terms of growth, survival, fertility, yield and mutation induction after exposure of both 
seeds and plants. Acute irradiation of seeds might be more effective in inhibiting growth and 
decreasing survival and fertility because of the recovery phenomena at low irradiation intensities with 
chronic irradiation (Fuji, 1962; Matsumura, 1964). In the case of somatic mutation for petal colour 
in Antirrhinum ma/us, the frequency of mutant sectors was greater for an acute dose of X-rays 
delivered to the plant than for the same dose of gamma rays delivered chronically in about 18 h 
(Cuany, Sparrow and Pond, 1958). 

It has been shown by Stadler (1931) and Konzak and Singleton (1956), by using pollen 
irradiation, and Smith et al. (1964) using seeds, that the frequency of mutations induced by 
ionizing radiation can be directly proportional to the dose. Such a result might be expected if 
radiation-induced mutations are caused by one-hit events such as simple chromosome deficiency or 
deletion, or if they are so-called point mutations which are thought also to be one-hit events. 

Mabuchi and Matsumura (1964) investigated the frequency of endosperm mutations produced 
by gamma radiation of maize pollen. They confirmed that acute irradiation resulted in a higher 
frequency of mutations than did chronic irradiation, but found that the production of mutations 
was non-linear in acute treatments but linear in chronic treatments. It appears that higher mutation 
rates can be obtained by the acute irradiation of resting seed than by the chronic irradiation of 
growing plants (Donini and Scarascia-Mugnozza, 1968; Nybom et al., 1956; Yamashita, 1967; 
Conger, Constantin and Bottino, 1973). 
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The yield of somatic mutations is reduced by dose fractionation of acute exposures to the 
plant or, within limits, by reduced dose rates with chronic exposures. The frequency per R 
of somatic mutations and of chromosome deletions produced under chronic irradiation is higher 
during periods of slow growth than during periods of fast growth (Sparrow et al., 1961). Sparrow 
(1965) made comparisons of acute and chronic exposures that would produce the same effect 
within the same species. Averages obtained for several species indicate that for herbaceous plants 
the ratio of acute to chronic (daily) exposure varies from about 8 to 11 depending upon the end 
point. The corresponding ratios for woody species were between 29 and 59. 

Results differing from those of the above investigators have been found by Natarajan and 
Marie (1961) who reported that longer time and lower intensity of the seed irradiation became 
more effective at the same total dosage than shorter time and higher intensity. This is because the 
storage effect accumulates during the time of irradiation. 

Experiments using the frequency of albino or yellow-green sectors in maize seedlings to 
determine the influence of continuous versus fractionated doses as well as of high versus low 
radiation dose rate were reported by Contin, Bianchi and Patruno (1963). The results seem to 
suggest that the successive fractions of a given X-ray treatment are simply additive in producing 
genetic effects in dormant maize seeds. Also temporary physiological recovery of broken chromo-
somes does not occur between fractions or during a long irradiation. Brock and Franklin (1966) 
indicate that there is no significant difference in gross mutation rate per locus between acute and 
chronic treatments of tomato pollen. 

2.4.2.3. Recurrent irradiation 

The procedure of recurrent irradiation, or irradiating plant material that had already been 
irradiated in one or more subsequent generations has been proposed as a method of accumulating 
and expanding genetic variability that may be utilized in a breeding programme (Freisleben and 
Lein, 1943b, 1944; Hoffmann and Walther, 1961). 

Caldecott and North (1961) report that after five cycles of radiation their material proved to 
be agronomically undesirable even where selection had been made each generation for desirable 
plant types. Results of further recurrent irradiation studies were reported by Caldecott et al. (1965) 
and Kao and Caldecott (1966). 

Micke (1969a) investigated the influence of recurrent X-irradiation on sweet clover and found 
that the increase in mutant frequency was only due to the increase of lethal and sub-lethal mutants. 

Studies by Yamaguchi (1962a) on recurrent X-radiation of barley and rice indicated that 
neither an increase nor decrease occurred in radiosensitivity of the seed from the repeatedly 
irradiated population. When Frydenberg and Sandfaer (1965) grew populations of previously 
irradiated and non-irradiated material no differences between the populations could be demonstrated. 
When the seed populations were exposed to renewed irradiation, some doses made the previously 
irradiated material inferior to the controls. They concluded that the irradiated material had been 
made somatically sensitive to renewed irradiation. 

Khadr and Frey (1965) reported that oat populations developed by recurrent irradiation with 
thermal neutrons showed expanded variability for quantitative traits over either the original or the 
pedigree populations. However, the second irradiation treatment did not generate as much variability 
as the first. Also, there were no significant shifts in the population means as a result of the re-
irradiation treatment. 

Walther (1974) studied the effect of repeated irradiation with X-rays or thermal neutrons on a 
single grain bulk of barley and found increases in the number of spikes segregating mutations, the 
number of spikes segregating more than one mutation and the number of mutants per mutation, 
but not with regard to the mutation spectrum. 

Populations of Trifolium subterraneum were selected after one cycle of radiation and selection 
and exposed to a second radiation treatment by Brock (1966). The response in the first generation 
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after re-irradiation was similar to that observed after the first radiation exposure. The second-
generation progenies from re-irradiated seeds had increased variation for flowering time and they 
responded to selection, but the response was only about 20% of that obtained after the first 
treatment. Brock and Shaw (1969) concluded that additional variation generated by a recurrent 
mutagenic treatment was greater than that generated by hybridization in the F2 generation of 
Arabidopsis thaliana. Comparisons were made on quantitative traits, i.e. flowering time. 

Powell and Burton (1965) used a recurrent treatment of ethyl methanesulphonate and of 
thermal neutrons on pearl millet for three consecutive years. The highest neutron and EMS doses 
gave similar frequencies of chlorophyll-deficient seedlings, but chromosome translocations and low 
seed fertility were almost entirely associated with neutron treatments. Burton and Powell (1969) 
have reported that recurrent seed treatment with thermal neutrons and ethyl methanesulphonate 
produced inconsistent data, suggesting an increase in the per cent of non-additive genetic variance 
(specific combining ability) in pearl millet (Pennisetum typhoides). 

Scarascia-Mugnozza and Monti (1966) used X-rays and ethyleneimine in all combinations for 
five generations on durum wheat. They stated that there was a slight increase in chlorophyll 
mutation frequency and no difference in chlorophyll mutation spectra. Their conclusion, which 
probably applies to other similar work, is that the possible gain in type and frequency of mutation 
events obtained by recurrent treatments appears to be too small to compensate for the labour and 
time required. 

2.4.2.4. Enhancement of thermal neutron effects 

The efficiency of a mutagen is increased if by some means a treatment is administered that 
produces a greater proportion of mutants with a given dose of radiation. One way to do this for 
thermal neutrons has been the pre-treatment of the material with boron or lithium before exposure. 

Conger (1953) reported that 99% of the total ionization from capture reactions from thermal 
neutrons in Tradescantia tissue was due to three elements — hydrogen, nitrogen and boron. Such 
capture results in emission of a gamma ray, a proton or an alpha particle, respectively. Boron alone 
was responsible for 30% of the ionization produced in the tissue, but it was present at only 2.9 ppm 
of the wet weight of the tissue. Two factors make boron important in its contribution to the total 
ionization from neutron capture. The first is its very high capture cross-section. The second is the 
fact that boron emits an alpha particle that has a densely ionizing track with a range of only 
about 12 /jm in tissue. Therefore all its energy is usually absorbed within the same cell in which it 
is produced. This, however, can depend on the species or cell size. 

Conger, by increasing the boron (1 0B) content of Tradescantia, increased the proportional 
amount of effect due to boron and the total effect due to a unit dose of thermal neutrons. The 
increase in effect was achieved by utilizing the separated 10B isotope, which has a cross-section 
about five times that of the natural mixture of 10B and 11B isotopes. The reaction of irradiating 10B 
with thermal neutrons and producing alpha rays and lithium-7 is expressed as I 0B (n,a)7Li. He 
concluded that for the same neutron dose, the boron-enriched plants showed four to five times as 
many chromatid aberrations as the non-enriched plants. 

Mertens and Burdick (reported by Shapiro, 1956) pre-treated seed by soaking in calcium 
nitrate, cadmium chloride, lithium chloride and sodium chloride and then irradiating with thermal 
neutrons. In the third generation after pre-treatment with these salts and irradiating with thermal 
neutrons as much as a six-fold increase in the number of mutations was obtained as compared with 
the salt pre-treatment and irradiating with X-rays. 

In further studies with boron Matsumura, Kondo and Mabuchi (1963) soaked einkom wheat 
seeds in borax solutions and then irradiated them with thermal neutrons. They subtracted the 
radiobiological effects of the thermal neutrons for seeds soaked in pure water from those found for 
seeds soaked in borax solution. The net effects of the heavy particles were estimated and compared 
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with gamma-ray effects for seeds under the same soaking condition as for neutron treatments. The 
relative biological effectiveness (RBE) values that they obtained for chromosome aberrations and 
chlorophyll mutations were 23 and 29, respectively. 

2.5. RADIATION SENSITIVITY AND MODIFYING FACTORS 

The response of cells of higher plants to physical and chemical mutagens is influenced to a 
varying degree by numerous biological, environmental and chemical factors. These factors modify 
the effectiveness (mutations per unit dose) and efficiency (ratio of mutations to injury or other 
effects such as chromosome aberrations) of mutagens in cells of higher plants. 

The mechanisms by which many of these factors influence mutation and chromosome 
aberration frequencies are not known. However, certain of these factors must be controlled in 
order to obtain reliable results in mutagen treatments. 

Modifying factors important to dormant seed irradiation will be considered in this section. 
The factors important in modifying seed radiosensitivity are not necessarily the same as those for 
actively growing plant tissues. For example, two factors most important for seed irradiation are 
oxygen and water content, whereas for active tissues factors such as stage of development including 
the relation to DNA synthesis and dose rate are probably more important. Factors such as nuclear 
and interphase chromosome volumes are important for both resting and active tissues. Specific 
problems related to the mutation breeding of vegetatively propagated crops are discussed in 
section 8. 

The factors that modify the response of seeds to ionizing radiations may be grouped into two 
major categories: (1) environmental factors such as atmosphere (oxic versus anoxic), seed water 
content, post-irradiation storage, and temperature; and (2) biological factors such as genetic 
differences, nuclear and interphase chromosome volumes. 

2.5.1. Environmental factors 

2.5.1.1. Oxygen 

Oxygen is a major modifying factor of biological, including genetic, damage induced by X 
and gamma-radiation in dormant seeds. Other factors, such as water content, temperature and 
post-irradiation storage appear to be secondary, interacting with the oxygen effect. Environmental 
factors are less important with densely ionizing radiations such as fast neutrons. 

The mechanism by which oxygen enhances biological and, hence, genetic damage involves the 
interaction of radiation-induced free radicals and oxygen to produce highly reactive and damaging 
radiochemical products (see also section 2.2). 

Oxygen enhancement of gamma-radiation induced damage is greatest in very dry seeds ( < 3%). 
The degree of enhancement, however, is not the same for all species. For very dry seeds ( < 3% 
water content) of eight species tested it was found that the dose-modifying factor or oxygen-
enhancement ratio (OER) for seedling growth reduction ranged from 1.3 for onion to 16.7 for rice 
(Conger, Constantin and Carabia, 1972). In general, higher mutagenic efficiency (less damage in 
terms of seedling injury and chromosome aberrations in relation to mutation frequency) can be 
obtained if oxygen effects are minimized. Data from experiments with barley show that this can be 
accomplished by irradiating seeds in an anoxic atmosphere (nitrogen or partial vacuum) or by 
adjusting the seed water content to 12 to 14%. If seed water content is not adjusted, seeds should 
be soaked in water which is bubbled with an inert gas, e.g. argon or nitrogen, after anoxic irradiation. 

If the dose rate or total dose capability of a particular X or gamma-radiation source is low, 
then it may be advantageous to adjust seeds to a lower water content and induce oxygen-enhanced 
damage. However, unless careful control is exercised over the seed water content and temperature, 

40 



the plant breeder may find it difficult to reproduce results from one experiment to another. As will 
be pointed out later, even small differences in treatment conditions may affect the biological 
response. Oxygen applied under pressure can also act as a mutagen by itself. 

2.5.1.2. Water content 

For the plant breeder seed water content is probably the most important secondary factor. It 
is most likely to vary and is most easily adjusted. Under normal atmospheric conditions resting 
seeds with < 14% water increase in sensitivity to X and gamma-radiation as the water content 
decreases. In barley seeds the OER for seedling injury increases from 1 to 9 as the seed wateT 
content decreases from 13 to 2%. Maximum OERs of 10 for point mutation induction and 15 for 
chromosome aberrations have been obtained in barley (Conger et al., 1966; Nilan et al., 1965). 
Even minor differences in water content can have a very pronounced influence on the end biological 
effect. For example, it has been shown with barley seeds that a small increase in water content from 
10.7 to 11.0% reduces the response to post-irradiation oxygen treatment by about 3-fold (Conger, 
Nilan and Konzak, 1968b). This phenomenon is particularly important for those wishing to use X 
or gamma-radiation in plant-breeding programmes. Seeds stored under normal laboratory conditions 
are often in the range of water content between 10.0 and 11.5% and a difference of only 0.2 to 
0.3% might greatly alter radiosensitivity of some species. This could mean the difference between 
choosing an effective mutagenic dose, a dose too low to induce any mutations, or a dose too high, 
resulting in excess sterility or no surviving plants. 

It has been shown that seeds of species other than barley may equilibrate for water content at 
different rates and also differ not only in water content but also in radiosensitivity when equilibrated 
at the same relative humidity (Osborne, Lunden and Constantin, 1963; Osborne and Lunden, 1965). 
Equilibration at a particular relative humidity may provide for maximum radioresistance of one 
species but not another. Also as mentioned above, the degree of oxygen enhancement is not the 
same in very dry seeds of all species. However, the interrelationship between seed water content and 
the oxygen effect has not been studied in such detail with species other than barley. The water 
content of the sensitive tissue (embryo meristem) at the termination of the treatment and post-
treatments etc. may be the important measure but little information is available to assess this 
question. The water content of barley embryos is slightly less than that of whole seeds that have 
been equilibrated for water content by desiccation or storage at different relative humidities 
(Conger and Carabia, 1972). 

Fast neutrons are an important mutagenic agent for use in plant breeding. Oxygen-enhancement 
ratios of 1.3 to 1.4 have been reported for fast neutron irradiation of very dry seeds ( ~ 2% water 
content) of barley and rice (Conger and Constantin, 1970; Constantin, Conger and Osborne, 1970). 
The oxygen effect disappears (OER = 1.0) when the seed water content is increased to 10% (Conger 
and Constantin, 1974). No oxygen enhancement of damage has been found following irradiation 
of very dry barley seeds with 14 MeV monoenergetic neutrons (Harle, 1965; Conger and 
Constantin, 1974). Thus, when treating seeds with fast neutrons control of oxygen and seed water 
content is not crucial. 

Fast neutrons have a high relative biological effectiveness (RBE) as compared to X and 
gamma-radiation. However, actual RBE values depend on modifying factors such as oxygen and 
seed water content (Conger and Carabia, 1972). For seedling injury in barley RBE values can vary 
from 7 to 60, depending on the conditions of atmosphere and moisture under which the seeds are 
irradiated and treated after irradiation. This is primarily because of the large influence these factors 
have on gamma-radiation induced damage. RBE values of 100 and more have been reported for 
genetic and cytogenetic effects in some plant species (see review by Smith, 1972). RBE values of 
132 have been reported for induction of chlorophyll-deficient mutations in barley (Conger and 
Constantin, 1974). 

41 



To achieve repeatability of radiation experiments, it is essential to control, determine and 
report the water content of seeds used in mutation studies, especially with X and gamma rays. 

2.5.1.3. Post-irradiation storage 

The conditions and duration of seed storage after irradiation may markedly modify the 
biological response depending on the seed moisture content and exposure to oxygen before, during 
and after irradiation. Post-irradiation storage was previously thought to be a major factor modifying 
the response of seeds to X and gamma-radiation. The effect was an increase in damage during 
storage especially in seeds of lower water content (Curtis et al., 1958). Later studies with barley 
showed that the response is an oxygen effect and if seed water content is adjusted and maintained 
as described in sections 2.4 and 2.6 or oxygen is eliminated, there is little or no storage effect for 
periods up to 2 to 4 weeks after irradiation at ambient temperature (Conger et al., 1966). However, 
extended post-irradiation storage periods especially at elevated temperatures may result in increased 
oxygen-independent damage (Conger, Nilan and Konzak, 1968b). There is as yet little evidence , 
for the action of damage repair mechanisms during storage of resting ( < 12% H 2 0 ) seeds. 

The post-irradiation storage period generally should not exceed a few weeks after which 
viability is reduced. If longer storage is necessary, the seeds should be deep frozen. This applies 
to X, gamma and fast neutron irradiation. 

2.5.1.4. Temperature 

The temperature of plant cells before, during and after irradiation may affect the total amount 
of genetic damage induced by X or gamma rays. However, the effect of temperature as a modifying 
factor of radiation damage is not clearly understood and appears unimportant to the plant breeder. 
However, it appears that there is a close interrelation of temperature, oxygen and water content in 
determining the development of radiation damage in barley seeds (Caldecott, 1958, 1961; 
Conger et al., 1971). 

The 'heat-shock' treatments at about 60°C applied immediately after seed irradiation, which 
were found to reduce damage in terms of Mj seedling height and chromosome aberration frequencies 
without decreasing mutation frequencies (Gaul, 1957a,b; Khvostova, 1966; Konzak et al., 1960, 
1961a), related to the water and oxygen content of the seed (Konzak et al., 1961b; Nilan et al., 
1962b). Consequently, it is not advantageous to resort to such treatments for practical breeding. 

2.5.2. Biological factors 

2.5.2.1. Nuclear and interphase chromosome volumes 

Nuclear volume (NV), interphase chromosome volume (ICV) and DNA content are the most 
important biological factors governing radiosensitivity of plant species (see Underbrink, Sparrow 
and Pond (1968) for a review and references to previous papers). It has been clearly demonstrated 
that there is an inverse relationship between radiosensitivity and ICV and to a lesser degree between 
radiosensitivity and DNA content. These relationships obtained for a great number of plant 
species have permitted a relatively accurate prediction of the 50% lethal dose (LDS 0) and of the 
amount of energy required to disrupt the genetic material for each species and have helped 
reconcile the previously published relationships between radiation sensitivity and chromosome size 
and number. 

The relationship between NV or ICN and the radiosensitivity of different plant species was 
first demonstrated with plants grown in the gamma field under chronic irradiation. Corresponding 
data for prediction of the radiosensitivity of seed of different species have also been published 
(Osborne, Lunden and Constantin, 1963; Lunden, 1964; Osborne and Lunden, 1965). The 



data for seed radiosensitivity were obtained for seeds adjusted to water content which provided 
maximum radioresistance. This was probably the water content at which oxygen effects were 
minimized. In fact, recent data show that seed radiosensitivity of different species is related to NV 
and ICV only if oxygen effects are eliminated. However, there was no relationship between radio-
sensitivity and NV and ICV if seeds were soaked in oxygen-bubbled water after irradiation 
(Conger, Constantin and Carabia, 1972). Thus, it is possible to predict the anoxic radiosensitivity 
of seeds of a particular species if information on the nuclear and/or interphase chromosome 
volumes can be obtained. 

2.5.2.2. Genetic and varietal differences 

Differences in radiosensitivity among genotypes within a species have been reported and in 
some cases the differences can be relatively great (Blixt, 1970a; Krausse and Evdokimova, 1973; 
Walther and Haug, 1973). The differences may be due to any of several factors, but do not appear 
to be related to nuclear or interphase chromosome volumes (Wangenheim and Walther, 1968). 
However, differences in radiosensitivity among genotypes within a species are usually much less 
than between species. Therefore, for plant breeders wishing to induce mutations, the genotype 
factors can probably be ignored because the radiosensitivity of a particular cultivar usually will 
have to be determined by conducting preliminary dose response experiments. 

In Table V the 50% growth reduction of primary shoots (GR50) is given for many crop species 
for gamma and fast neutron irradiation. The table also gives recommended doses for practical 
mutation breeding. The data are based on the experience gained from the service treatments 
rendered by the IAEA Seibersdorf Laboratory and represent the pooled information from many 
genotypes (lines and cultivars). The plant breeder is advised to use Table V only as a guideline. 
See also section 5 and section 8, Table XIX, for vegetatively propagated plants. 

2.6. METHODS OF APPLYING PRE- AND POST-TREATMENTS 

2.6.1. Control of oxygen 

As stated in the previous section, it is important that the plant breeder controls the 
atmospheric conditions during X and gamma-irradiation of seeds to obtain the highest possible 
mutagenic efficiency from his radiation treatments and repeatable results from one experiment to 
the next. In short, this means preventing oxygen effects. This can be accomplished by irradiating 
seeds in an atmosphere of nitrogen or argon or in a partial vacuum. However, as stated in 
section 2.5, oxygen effects may also be prevented by proper adjustment of seed water content and 
this is often the easiest procedure. Oxygen is a negligible factor for fast neutron irradiation unless 
the seeds are of very low water content. 

For close control over oxygen content, seeds can be placed in glass vials which are then attached 
to a glass manifold vacuum system. Air is removed by a high vacuum pump and the vials sealed off 
while still under vacuum. The period of pumping depends on the initial water content of the seeds 
(see Conger, Konzak and Harle, 1969 for further details). The seeds can then be irradiated in the 
sealed glass vials. To prevent oxygen from entering the system after irradiation, the seeds should 
upon removal from the glass vials be placed immediately in water for soaking in a nitrogen 
atmosphere. The transfer should be done under a hood in a glove box that is continuously flushed 
with nitrogen gas. These special transfer procedures are not necessary with moist seeds ( > 12%) 
or if the transfer takes less than 1 minute. For convenience in handling, the seeds may be 
transferred to perforated polyethylene vials or bags made of plastic screen material and then in water. 

The oxygen in the water can be removed by bubbling with an inert gas (argon or nitrogen). 
The water should be bubbled for about one hour before the soaking period to ensure removal of 
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* TABLE V. RADIOSENSITIVITY OF A NUMBER OF CROP SPECIES TO GAMMA AND FAST NEUTRON IRRADIATION3 

Genus Species 

No. of 
cultivars 
tes ted b 

Range of G R 5 0 C 

(krad) 

Nf 

Useful dose range for 
mutat ion breeding 

(krad) 

N f 

Gramineae 

Solanaceae 

Cruciferae 

Chenopodiaceae 

Umbeliiferae 

Liliaceae 

Avena sativa 

Hordeum vulgare 

Oryza sativa 

(a) Japonica 

(b) Indica 

Secale cereale 

Sorghum vulgare 

Triticale 

Triticum aestivum 

Triticum durum 

Zea mays 

Capsicum annuum 

Lycopersicum esculentum 

Nicotiana tabaccum 

Solanum tuberosum 

Brassicanapus oleifera 

Spinacia oleracea 

Daucus carota 

Allium cepa 

9 

32 

28 
19 

6 

5 

9 

34 

7 

12 

2 

6 

5 

4 

2 

2 

4 

2 0 - 3 5 

2 5 - 4 0 

2 0 - 3 0 

2 5 - 3 5 

2 0 - 3 0 

3 5 - 4 5 

2 0 - 3 0 

2 0 - 3 5 

2 0 - 3 0 

2 0 - 4 0 

3 0 - 4 0 

5 0 - 6 0 

4 0 - 5 0 

4 0 - 6 0 

1 2 0 - 1 4 0 

3 5 - 5 0 

3 0 - 4 0 

2 0 - 3 0 

0 . 8 - 1 . 2 

0 . 8 - 1 . 4 

2 . 0 - 2 . 8 
2 . 5 - 3 . 4 

1 . 1 - 1 . 5 

1 . 6 - 2 . 4 

1 . 4 - 1 . 9 

1.8-2.8 

0 .8 -1 .1 

1 0 - 2 5 

1 0 - 2 5 

1 2 - 2 5 

1 5 - 3 0 

1 0 - 2 0 

2 0 - 3 0 

1 0 - 2 5 

1 0 - 2 5 

1 0 - 2 5 

1 5 - 3 0 

1 5 - 2 5 

3 0 - 4 0 

2 0 - 3 5 

2 0 - 4 0 

7 0 - 1 0 0 

1 5 - 3 0 

1 5 - 2 5 

1 0 - 2 0 

0 . 3 - 0 . 6 

0 . 3 - 0 . 6 

1 . 2 - 2 . 0 
1 . 5 - 2 . 5 

0 . 4 - 0 . 7 

0 . 4 - 0 . 7 

0 . 4 - 0 . 7 

1 . 0 - 2 . 0 

0 . 4 - 0 . 6 



TABLE V. (cont.) 

Range of GR c 
50 Useful dose range for 

No. of mutation breeding 

cultivars (krad) (krad) 

Genus Species testedb 7 N f 7 Nf 

Cucurbitaceae Cucumis melo 2 3 5 - 5 0 - 1 5 - 3 0 -

Cucumis sativus 3 4 0 - 6 0 1 .6-2 .2 2 0 - 3 5 0 . 6 - 1 . 0 

Cucurbita maxima 4 4 0 - 6 0 - 2 0 - 3 5 -

Leguminosae Arachis hypogaea 7 3 5 - 4 5 2 . 2 - 2 . 8 2 0 - 3 0 1.0-2.0 

Ca/anus cajan 3 1 5 - 2 4 2 . 5 - 3 . 5 8 - 1 4 1.0-2.0 

Cicer arietinum 4 1 8 - 2 6 3 . 5 - 5 . 0 1 2 - 1 8 2 .0 -3 .0 

Glycine max 14 1 5 - 3 0 2 . 0 - 4 . 0 1 0 - 2 0 1 .0-1 .8 

Lens esculenta 3 1 6 - 2 5 0 . 9 - 1 . 4 1 0 - 1 7 0 . 5 - 1 . 0 

Lupinus albus 2 3 0 - 4 0 2 . 0 - 3 . 0 1 5 - 2 5 1 .0 - l .S 

Medicago sativa 2 7 5 - 9 0 4 0 - 6 0 -

Melilotus albus 2 8 0 - 1 0 0 - 5 0 - 7 0 -

Phaseolus aureus 4 6 5 - 1 0 0 5 . 0 - 7 . 5 4 0 - 7 0 3 .0 -4 .5 

Phaseolus lunatus 3 9 - 1 6 1 .6 -2 .7 5 - 1 0 0 .7 -1 .6 

Phaseolus vulgaris 16 1 5 - 3 0 1 .7 -2 .7 8 - 1 5 0 .9 -1 .7 

Pisum sativum 11 1 0 - 2 7 0 . 7 - 1 . 5 6 - 1 8 0 .3 -0 .7 

Vicia faba major 4 4 - 6 0 .12 -0 .18 2 - 4 0 .05-0 .1 

Vicia faba minor 8 8 - 1 4 0 . 3 - 0 . 4 4 - 8 0 .2 -0 .35 

Vigna unguiculata 5 3 0 - 5 0 2 . 0 - 4 . 0 1 5 - 2 5 1.2-2.5 

0 Data supplied by H. Brunner, IAEA, Seibersdorf Laboratory. 
b Range of radiosensitivity of the respective number of crop cultivars. 
0 GR50 = 50% growth reduction of seedling height after acute irradiation of dormant seeds equilibrated to 13% moisture with " C o gamma radiation and with fast neutron 

derived f rom seed irradiation in the SNIF (Standard Neutron Irradiation Facility) of the Astra Swimming Pool Type Reactor. 



TABLE VI. WATER CONTENT (%) OF BARLEY SEEDS STORED OVER DIFFERENT 
CONCENTRATIONS OF GLYCEROL AT 22°C 

Glycerol in Calculated vapour Relative Seed Storage 
solution pressure of solution humidity water period 
(vol.%) (mm Hg) (%) content (d) 

(%) 
100 0.0 0.0 8 7 

95 3.5 17.6 9 7 

85 8.3 41.7 10 4 

75 11.4 57.5 11 4 

70 12.6 63.5 12 4 

65 13.6 68.6 13 4 

60 14.5 73.0 14 4 

dissolved oxygen. If it is desirable that the seeds be treated in the presence of oxygen to increase 
radiation effectiveness (which may be desirable if the dose rate or total dose capabilities of the 
available radiation source is low or to induce chromosome aberrations if a neutron source is not 
available), they can be soaked in a similar fashion in oxygen-bubbled water. In such cases, the 
glass vials can be broken open in the air and the seed placed in the water. However, to ensure 
saturation with oxygen the water should again be bubbled for at least one hour before the soaking 
period. In either case the gas flow in the water is continued throughout the soaking period whether 
using the N2 or the 0 2 bubbled water system (see also control of temperature during anoxic and 
oxic soaking of seeds in sections 2.6.4 and 2.6.5 respectively). 

2.6.2. Adjustment of seed water content 

Before the irradiation treatment, seeds can be brought to different water contents ranging 
from 2 to 14% in vacuum desiccators. The desiccant (solution) and duration of equilibration 
depend on the desired water content, the water content of the seeds at the start of adjustment and 
on the species. Vacuum desiccators are widely used, but the system developed by Osborne and 
Bacon (1961) may be equally good or superior for equilibrating seeds at different relative humidities 
and obtaining water contents above 5 to 8%. 

Data for adjustment of barley seeds between 8 and 14% water content by storing them in 
desiccators over different glycerol/water mixtures under partial vacuum are given in Table VI. 
The calculated vapour pressures and per-cent relative humidities at 22°C are also listed. Since seeds 
of different species do not equilibrate to the same water content at a particular relative humidity, 
some adjustment from these data may be necessary. The per-cent water content of seeds from 
12 different species equilibrated at different relative humidities is given in Fig. 16. The temperature-
dependence of the process of water content adjustment with the glycerol water mixtures appears 
to be within the range of 18-23°C. An advantage of the glycerol mixtures as opposed to, e.g., 
sulphuric acid solutions is that glycerol in no way appears to be toxic. The glycerol can be reused 
after distilling and will not contaminate the system. 

Slight changes in either the percentage of glycerol or storage time may be necessary to obtain 
seeds with an exact water content. To adjust the moisture content of seeds to levels above 9%, 
500 ml of solution in a 25 cm diameter desiccator will serve for 2000 to 6000 barley seeds having 
a 1000 kernel weight of about 40 to 45 g. Up to 12 000 seeds may be successfully adjusted in 
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SEED MOISTURE 
(7„ OF WET 

WEIGHT) 

2 0 -
O 

10 

2 

4 

B 

6 

10 35 6 0 8 5 
RELATIVE HUMIDITY (7.) 

FIG. 16. Seed water content (logarithmic scale) for various species in equilibrium with various relative humidities. 
Note (a) straight-line relationships, (b) differing slopes, and (c) spread between species at a single humidity. 
(1) Trifolium incarnatum, (2) Brassica napus, (3) Festuca arundinacea, Cucumis sativus, (8) Linum usitatissimum, 
(9) Hoideum vulgaie, (10) Arachis hypogaea, (11) Medicago sativa, (12) Oryza sativa. (From Osborne and 
Lunden, 1965.) 

one desiccator if 1000 ml of glycerol/water mixture are used. The quantity of the glycerol/water 
mixture needed depends on the degree of precision desired and the magnitude of the change in 
seed water content required. The quantity of water required for seed water content adjustment 
may be calculated from the difference between the initial and the desired water content multiplied 
by the quantity of seeds in grams. The quantity of seeds should be no greater than 30% of the 
glycerol/water mixture. 

Seeds can be made drier (2 to 8% water) by placing them in a desiccator under partial vacuum 
using calcium oxide, calcium sulphate or other available desiccant. Dry P2O s is usable, but the 
surface must be refreshened with dry powder more often. Silica gel is also usable but is not as 
powerful a desiccant as CaO. The duration of storage time in the desiccator may range from two 
weeks to a year at room temperature (22 to 25°C), depending on the plant species and water 
adjustment required. Drying of seeds by heating may result in the loss of substances other than 
water and may cause unwanted physico-chemical changes in the system. Also seeds of certain 
species may not maintain viability after extreme desiccation. 

2.6.3. Measurement of seed water content 

The measurement of seed water content of a particular species should be done according to 
rules of the International Seed Testing Association, Official Grain Standards of the United States 
or official methods of the Association of Official Agricultural Chemists. These methods require 
grinding seeds of some species before drying, drying seeds of other species whole and drying for 
different periods and temperatures depending on the species (see Zeleny, 1961). Barley seeds, for 
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D e t e r m i n a t i o n of gross 
dry w e i g h t of s a m p l e 
p l u s c o n t a i n e r 

6 . 
Coo l ing in d e s s i c a t o r 
C o n t a i n e r s c l o s e d 

CaO, CaSO, or C a C I , 

DETERMINATION OF 
SEED MOISTURE 

CONTENT 

5. 
Dry ing of s a m p l e s in oven . 
C o n t a i n e r s open , l i d s a l s o 

_4. 
D e t e r m i n a t i o n of g r o s s wet weight 
of s a m p l e p l u s c o n t a i n e r . 
All h a n d l i n g of c o n t a i n e r by t o n g s 
or f o r c e p s . 

Waring blendoc 

3. 
P o u r i n g ground s e e d s a m p l e 
in p r e - w e i g h e d a lumin ium 
s a m p l e c o n t a i n e r 

FIG. 17. Determination of seed water content. 

example, should be quickly and carefully ground with a Wiley or similar mill. Approximately 
two-gram samples are added to previously weighed metal or glass containers (see Fig. 17). Care 
should be taken to avoid contact of containers with fingers throughout the entire procedure. The 
samples and containers are again weighed and all are placed with cover removed in an air oven 
for drying for 60 minutes at 130°C. After the drying period the cover is replaced, the sample is 
removed from the oven and placed in a desiccator over a desiccant (calcium chloride or calcium 
oxide). The sample should be allowed to cool for at least 20 minutes, after which time the 
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sample is quickly weighed to determine the weight loss (Fig. 17). The water content of the seed 
sample is then determined as follows: 

Sample weight 
before drying 

Weight loss 

Sample weight 
before drying 

Sample weight . , , 
. , . = weight loss 

after drying 

X 100 = % water of the seeds 

It should be recognized that the seed water content is'only an estimate of the water content of the 
embryo, which is the critical region. The water contents of embryos of barley seeds that have been 
desiccated or equilibrated at various relative humidities are slightly less than those of whole seeds 
(Conger and Carabia, 1972). In dicot species the embryo and cotyledons are in intimate association, 
consequently, it can be generally assumed that when following the above procedures the embryo 
and seed water content of most species will be similar. 

2.6.4. Control of temperature during anoxic soaking 

The soaking temperature for either moist or dry seeds can range from 0 to 40°C for various 
lengths of time. Regardless of the temperature used in this range, it is recommended that it be 
kept constant, preferably by soaking in a constant temperature water bath. For barley it is 
desirable to conduct the soaking process at 0°C for at least 16 h. The low temperature inhibits 
metabolic activity of the seeds, thereby decreasing the chance of physiological damage. Results 
indicate that barley seeds can be soaked for more than 100 h at 0°C with no apparent decrease in 
viability. Seeds of certain other species, e.g. the large seeded legumes, do not tolerate soaking at low 
temperatures nor long periods. 

As the soaking temperature is increased, the period must be shortened to prevent physiological 
damage. If refrigerated water baths are not available for low-temperature soaking, one might use 
an ice bath. If one must carry out the soaking process at room temperature, then the maximum 
duration of soaking probably should not exceed 6 h, depending on the species, unless aeration is 
provided. After the soaking period the seeds may be planted wet or redried for planting at 
convenience. However, some species including the large seeded legumes may tolerate only surface 
r e d r y i n g . 

2.6.5. Control of temperature during oxic soaking 

Maximal oxygen enhancement of the effects of ionizing radiation occurs when seeds are 
soaked in low-temperature (near 0°C) water bubbled with oxygen because of the greater solubility 
of oxygen at that temperature. Seeds irradiated in their driest condition show greatest 0 2 

enhancement of damage. Drier seeds require longer post-soaking, though 4 hours is usually 
adequate. 

2.6.6. Post-irradiation storage 

Undesirable post-irradiation storage effects may be avoided by proper adjustment of seed 
water content ( ~ 12 to 14% for barley) before irradiation and by storing the seeds for no more 
than 2 to 4 weeks at temperatures not exceeding 18—23°C. 

However, seeds with > 14% water content can be stored for long periods if frozen (-20 to -80°C) 
or kept 4—6 weeks at -5°C in a refrigerator without evident changes. A post-irradiation storage 
period in a vacuum for about one to two weeks at room temperature will reduce oxygen-dependent 
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damage to a minimum in barley seeds with about 10 to 11% water content. A similar storage 
treatment has very little effect on oxygen-independent damage regardless of the seed water content . 
After irradiation storage of seeds containing less than 10% water in the presence of oxygen will 
result in increased damage. Moreover, a prolonged post-iiTadiation storage period (longer than two 
weeks) in a vacuum at elevated temperatures may increase oxygen-independent damage. Thus, 
irradiated seeds may suffer damage during mail shipments unless appropriate precautions are taken. 
Seeds of 5% water content must be oxygen-free and sealed in glass; seeds of 12—14% water content 
should be sealed in heavy polyethylene; seeds with intermediate moisture contents cannot be 
successfully shipped unless continuously frozen in dry ice (frozen C 0 2 ) . 
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3. CHEMICAL MUTAGENS 

3.1. REVIEW OF MAIN MUTAGENIC COMPOUNDS 

This review will be limited to chemicals able to induce point mutations or chromosome breaks. 
Polyploidizing agents such as colchicine will not be considered. 

The number of chemical mutagens is very great and is continuously increasing. 
However, for practical purposes of mutation induction in cultivated plants, so far only a few 
are really useful. Most of these belong to the special class of alkylating agents and may be listed 
as follows: ethyl methanesulphonate'(EMS), diethyl sulphate (dES), ethyleneimine (EI), ethyl 
nitroso urethane (ENU), ethyl nitroso urea (ENH) and methyl nitroso urea (MNH). Azides are 
also effective mutagens. 

Chemical mutagens can be classified into four groups. 

3.1.1. Base analogues and related compounds 

True base analogues are closely related to the DNA bases, adenine, guanine, cytosine or thymine, 
and can be incorporated into DNA without hindering its replication. However, since the analogue 
differs from the normal base in certain substituents, its electronic structure is modified and it 
can be expected that occasional pairing errors will occur at the time of incorporation into DNA 
or at the time of DNA replication after the analogue has been incorporated (Table VII). The most 
frequently used analogues are 5-bromo-uracil (BU) and 5-bromo-deoxyuridine (BUdR), which are 
analogues of thymine (the methyl group in position 5 is replaced by a bromine atom), and 2-amino-
purine (AP) which is an analogue of adenine (the amino group is in position 2 instead of position 6). 
BU is able to induce mutations in higher plants, but the mutation frequency remains low (Jacobs, 
1964). 

Apart from true analogues, it has been found (Kihlman and Levan, 1951; Kihlman, 1961) 
that N-methylated oxypurines have a chromosome-breaking effect. The most efficient compounds 
are 8-ethoxy caffeine (EOC) and 1.3.7.9. tetramethyl-uric acid (TMU). Neither EOC norTMU 
are incorporated into DNA and their mode of action is still unknown. 

Maleic hydrazide (MH), a structural isomer of uracil, induces chromosome breaks in cells 
of Vicia faba root tips. Aberrations appear to be frequently localized in a heterochromatic segment 
near the centromere of the M chromosome, as shown by Darlington and McLeish (1951). Apparently 
MH induces chromosome breaks because it reacts with sulphydryl groups in the cell and not because 
it is an analogue of uracil. 

3.1.2. Antibiotics 

A number of antibiotics like azaserine, mitomycin C, streptonigrin, and actinomycin D have 
been found to possess chromosome-breaking properties. Their usefulness for practical purposes 
is very limited. 

3.1.3. Alkylating agents 

This is by far the most important group of mutagenic chemicals for mutation induction in 
cultivated plants. These compounds have one or more reactive alkyl groups which can be trans-
ferred to other molecules at positions where the electron density is sufficiently high. All these 
substances react with DNA by alkylating the phosphate groups as well as the purine and pyrimidine 
bases. The most frequent event involving bases leads to the formation of 7-alkyl guanine. 
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TABLE VII. BASE ANALOGUES AND RELATED COMPOUNDS 

OH OH 

CHS 

2 - amino purine 8 - ethoxy-caffeine 

CH3 CH3 O 

1. 3. 7. 9. - tetramethyl-uric acid maleic hydrazide 

Table VIII shows the principal categories of alkylating agents: sulphur and nitrogen mustards, 
epoxides, ethyleneimines, sulphates and sulphonates, diazoalkanes and nitroso compounds 
(the latter being probably indirect alkylating agents via diazo derivatives). 

An important element for an alkylating molecule is its number of functional groups: mono-
bi- and trifunctional compounds can be recognized. In the case of Afunctional alkylating agents 
toxicity is greater than in the case of monofunctional agents. Products like the sulphur mustard, 
S(CH2CH2C1)2, or myleran, C H 3 S 0 2 0 ( C H 2 ) 4 0 S 0 2 C H 3 , can form cross-links between the two 
chains of a DNA double helix. Such a covalent linkage, by preventing the separation of the two 
chains, is probably lethal. 
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TABLE VIII. CLASSES OF ALKYLATING AGENTS 

Class Functional group 

Sulphur mustards 

Nitrogen mustards 

Epoxides 

Ethyleneimines 

Sulphates and sulphonates 

Diazoalkanes 

Nitroso compounds 

— S — C H 2 CH2C1 

N CH2CH2 CI 

- CH — CH2 

\ / 
o 

- < I 
x c h 2 

— S 0 2 0 R 

N = N = R 

ON. )N — R' 

Table IX gives a classified list of the most important alkylating agents, the number of func-
tional groups being indicated by M, B or T. 

For practical use of alkylating agents, it should be kept in mind that they are very reactive 
agents, able to react also with water. This means that solutions must be prepared just before use 
and never stored. Reaction with water (hydrolysis) usually gives rise to compounds that are no 
longer mutagenic, but can be toxic. For instance 

C H 3 S O 2 O C 2 H 5 + H 2 O - » C H 3 S O 2 O H + C 2 H 5 O H 

(EMS) (Methane sul- (Ethyl 
phonic acid) alcohol) 

The speed of hydrolysis is usually measured by the half-life, the time necessary for degradation 
of half of the initial amount of alkylating agent. Table X gives half-life values for a few sulphonic 
and sulphuric acid esters of practical importance and for some nitrosamides. 

For a given compound, half-life is a function of temperature and sometimes of pH. This is 
especially true for ethyleneimine derivatives, sulphur and nitrogen mustards and some nitroso-
compounds, which should always be dissolved in buffers of well-defined pH, usually below 7 (see 
bottom of Table X). 

A general remark about alkylating agents is that one should be extremely careful in mani-
pulating them because most are potential carcinogens. This is especially true for ethyleneimine: 
being very volatile (b.p. = 56°C/760 mm) this compound must always be handled under a well-
aerated hood. Ethyl methanesulphonate is much less dangerous (b.p. = 85—86°C/10 mm) but 
should never be pipetted with mouth to avoid risk of faulty manipulation. Methyl nitroso urea 
(MNH) is also considered as an effective mutagen; however, it should be handled only in small 
units ( 5 0 - 1 0 0 g) and kept cool to avoid explosions. 
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TABLE IX. ALKYLATING AGENTS 

Sulphur mustards: 

C H 2 c h 3 

S \ x C H 2 CH2 CI 

S(CH2 CH2 CDJ 

ethyl-2-chloroethyl sulphide 

di(2-chloroethyl) sulphide 
= mustard gas 

Nitrogen mustards (supplied generally as hydrochloridesf: 

(CH3)2 N CH2 CH2 CI 2-chloroethyl-dimethyl amine M 

CH3N(CH2CH2C1)2 di(2-chloroethyl)-methyl amine B 

H N(CH2 CH2 Cl)2 di(2-chloroethyl) amine B 

CH3 N(CH2 CH2 Cl)2 di(2-chloioethyl)-methyl amine oxide B 

1 
O 

N(CHj CH2 Cl)3 tri(2-chloroethyl) amine T 

Epoxides: 

H 2 C C H 2 

\ / 

O 

C H 3 — C H — C H 2 

• V 
h o c h 2 — c — c h 2 

\ / 
o 

ci c h 2 — c — C H 2 

\ / 

o 

C H 2 — C H — C H — C H 2 

\ / \ / • o o 

Ethylene oxide 

Propylene oxide 

Glycidol 

Epichlorhydrine 

1:2 , 3:4-diepoxybutane 
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TABLE IX (cont.) 

Ethyleneimines: 

C H J — C H 2 

\ / 
N H 

Ethyleneimine 

CH3CO — N ; 
"CH2 

Acetyl ethyleneimine 

CH2 

/ • 
H 2 C' 

CH2 

N \ / N \ / N 

H J C - -CH2 

Sulphates, sulphonates, sulfones and lactones: 

S 0 2 ( 0 C H 3 ) 2 

S 0 2 ( 0 C 2 H S ) 2 

CH 3 SO 2 OCH 3 

C H 3 S 0 2 0 C 2 H S 

C H 3 S O J O C H 2 C H 2 C H 3 

C H 3 S 0 2 0 C H ( C H 3 ) 2 

C H 3 S 0 2 0 ( C H 2 ) 3 C H 3 

C H J — O S O J C H 3 

I 
( C H 2 ) 2 

I 
C H 2 — O SO 2 CH 3 

C H 3 C H O S O 2 C H 3 I 
( C H 2 ) 2 

I 
CH 3 CH O SO 2 CH 3 

Triethylene melamine 
(2:4:6-triethylene imino 
1:3:5-triazine) 

Dimethyl sulphate (dMS) Ma 

Diethyl sulphate (dES) Ma 

Methyl methanesulphonate (MMS) M 

Ethyl methanesulphonate (EMS) M 

Propyl methanesulphonate (n-PMS) M 

Isopropyl methanesulphonate (iso-PMS) M 

Butyl methanesulphonate (n-BMS) M 

Myleran 

1:4-di(methane sulphonoxy) butane B 

Dimethyl Myleran 
2 :5 di(methane sulphonoxy) hexane 

Although they look bifunctional, these compounds cannot alkylate more than once. 
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TABLE IX (cont.) 

C H 2 — (CH2)n n = 2 : propane sulfone M 

0 S0 2 n = 3 : butane sulfone M 

CH2 — CH2 (5-Propiolactone M 

o c = o 

Diazoalkanes and nitroso compounds: 

(The latter are probably indirect alkylating agents via diazo derivatives) 
+ 

N = N — CH2 Diazomethane M 

+ 

N = N — CH CH3 Diazoethane M 

0 = C — C H = N = N 

(CH2)4 1:4-bis-diazoacetyl butane B(?) 

0 = C — C H = N = N 

CH3 

O N 

C 2 H 5 

O N 

CH3 

— COO C2 H5 N-methyl-N-nitroso urethane (MNU) 

— C O O C 2 H 5 N-ethyl-N-nitroso urethane (ENU) 

/ N — CONH 2 N-methyl-N-nitroso urea (MNH) 

O N 

C 2 H 5 — CO NH2 N-ethyl-N-nitroso urea (ENH) 
O N 

CH 
^ N — C — NH N 0 2 1 -methyl-3-nitro-l -nitroso guanidine 

O N J (MNNG) 
NH 

As already expressed, it is among alkylating agents that the most powerful chemical mutagens 
are found. Four of them may be mentioned: ethyl methanesulphonate (Heslot et al., 1959, 1961), 
ethyleneimine (Ehrenberg, Lundqvist and Ahnstrom, 1958; Ehrenberg, Gustafsson and Lundqvist, 
1959), diethyl sulphate and ethyl nitroso urea (Rapoport et al., 1966). Table XI gives some 
sources of supply, methods of preparation and physico-chemical properties of these four compounds 
in addition to azide, which is also discussed below. 

3.1.4. Azide 

Azide is an effective mutagen under certain treatment conditions. It is possible to obtain 
high mutation frequencies, most of them apparently gene mutations with negligible frequency of 
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TABLE X. HALF-LIFE OF SOME ALKYLATING AGENTS IN WATER (pH 7) 
(from Heslot, first edition of this Manual, modified by H. Brunnerand O.P. Kamra) 

Alkylating agent 
20°C 

Temperature 

30°C 37°C 

1. Epichlorohydrin - - 36.3 h 

2. Diethyl sulphate 3.4 h 1 h 0.3 h a 

3. Sulphur mustard - - ca. 3 min 

4. Methyl metlianesulphonate 68 h 20 h 9.1 h 

5. Ethyl metlianesulphonate 93 h 26 h 10.4 h 

6. N-butyl methanesulplionate 105 h 33 h -

7. N-propyl methanesulphonate 111 h 37 h -
8. Isopropyl methanesulphonate 108 min 35 min 13.6 min 

9. (a) l-methyl-3-nitro-l-nitroso guanidine 4 d b 
- -

(b) l-methyl-3-nitro-I-nitrosoguaiiidine ca. 3 h c 

10. N-methyl-N-nitroso urethane - 35 h d 
-

11. N-ethyl-N-nitroso urethane - 84 h d 
-

12. N-propyl-N-nitroso urethane - 103 h d 
-

11 Half-life determined at 40°C. 
b Half-life in 0.05M phosphate buffer, pH 6 in the dark. 
c Half-life in 0.05M phosphate buffer, pH 6, illuminated at 15 000 lux. 
d Hydrolysis rate for these nitroso compounds would be 10 and 100 times faster at pH 8 and pH 9 respectively. 

chromosome aberrations (Kleinhofs et al., 1974). Although a potent mutagen, it is relatively 
safe, non-persistent (Smith, 1965/1966) and inexpensive. Azide in acid solutions was found to 
be very effective in inducing chlorophyll-deficient as well as morphological mutations in barley, 
while in alkaline solutions it seems ineffective (Kleinhofs et al., 1974). Pre-soaking in 0 2 bubbled 
water also enhanced mutagenicity. The exact mode of action of azide as a mutagen is not well 
understood yet (Nilan, Kleinhofs and Sander, 1975). 

3.1.5. Hydroxylamine 

Hydroxylamine (NH2OH) produces chromosomal aberrations in plants. It is believed that 
this compound reacts primarily with cytosine in DNA. However, side reactions leading to main 
chain breakage cannot be excluded. 

3.1.6. Nitrous acid 

Nitrous acid (HN0 2 ) , used in buffer solutions of pH 5 or below, has the property of de-
aminating purine and pyrimidine bases of DNA. It has a strong mutagenic activity in a variety of 
viruses and microorganisms (bacteriophages, tobacco mosaic virus, bacteria, etc.) but, apparently, 
has not been reported as a mutagenic agent for higher plants. Despite these negative results, 
its effects are worthy of further investigations. 
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TABLE XI. PROPERTIES OF THE MAIN MUTAGENIC CHEMICALS 

Mutagenic 
agent 

Sources of supply 
Reference for 
method of preparation Nature 

Physical and chemical properties 

Density Solubility Melting point 
(g/ml) in water or boiling point 

Molecular 
weight 

Ethyl Centre d'etudes du Bouchet, Ross and Davis (1957) Colourless D | s = 1.203 ca. 8% b.p.= 85 -86°C/10 mm Hg 124 
methane- Vert le Petit (91), France liquid 
sulphonate KODAK, Rochester, USA 
(EMS) 

KODAK, Rochester, USA 
(EMS) 

KOCH-LIGHT, Colnbrook, 
(Bucks), England 

Ethylene- FLUKA, Buchs, Switzerland Houben Weyl Colourless D ? = 0.832 Miscible b.p. = 56°C/760 mm Hg 43 
imine KOCH-LIGHT, Colnbrook, liquid with water 
(EI) (Bucks), England in all 

proportions 

dES Available f rom most suppliers - Colourless D50= 1.177 As EI m .p .= -24 .5 °C /700 mm Hg 154 
liquid 

Ethyl FLUKA, Buchs, Switzerland Werner (1919) Yellow m.p. = 98 —100°C 117 
nitroso Aristo Custom Chemicals, Inc. Arndt and Scholz (1933) solid 
urea 3812 Hires Lane 
(NEH) Cincinnati, Ohio 45212, USA 

Azide Available from most suppliers, White solid D l ° = 1.846 As El m.p. - decomposes to Na+N 65 
(sodium) e.g. MERCK; SCHUCHARDT b.p. - decomposes in vacuum 



TABLE XII. ACRIDINES 

Acridine orange 

H 3 CO 
NH — CH 2 —CH 2 —CHj— 

CH JCH 3 

CHJCH2C1 

• 2 HC1 

3.1.7. Acridines 

Acridines represent a class of heterocyclic dyes (Table XII), some of which are mutagenic 
in the presence of light (Kihlman, 1959; Nuti-Ronchi and D'Amato, 1961), and able to induce 
chromosome breaks. This is the case of acridine orange. A photodynamic action is involved, 
acridine acting as energy transmitter at the level of DNA. The bases are then altered by oxidation 
and chain breaks also likely to be induced. The presence of oxygen increase the efficiency of 
these dyes. 

Another mutagenic effect of acridines occurs in the dark and results from a different mechanism. 
From studies of mutations induced in bacteriophage, Brenner et al. (1961) have concluded that, 
in this case, acridines act by causing deletions or additions of bases in DNA, resulting in frame-
shift mutations. There is as yet no report that acridines are able to induce this type of mutation 
in higher plants. However, the compound ICR-170 has been shown by Mailing (1967) to have 
this effect in Neurospora and is worth further investigation. 

3.2. MODE OF ACTION 

As most commonly used mutagens belong to the category of 'alkylating agents', the main 
attention will be directed to them. 
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TABLE XIII. MUTAGENIC ACTION OF METHYLATING 
AGENTS IN BARLEY (Ehrenberg, 1971) 

Compound s 
Mutations 
(percentage per 
spike progeny) 

Sterility 
(percentage 
per X! spike) 

Methyl bromide 1.00 ca. 1 ca. 10 

Dimethyl sulphate 0.86 0.5 3 - 3 0 

Na methyl sulphate - 0.17 0 

Methyl methanesulphonate 0.86 8 10 

N,N-methylnitroso urea 0.42 ca. 20 50 

N,N-methylnitroso urethane - < 0 . 2 0 - 2 

N,N-metliylnitroso-N'-
nitroguanidine 0.45 < 0 . 2 0 - 2 

Dimethyl nitrosamine 0.5 4 

Tetramethyl orthocarbonate - > 0 . 5 

3.2.1. Molecular aspects 

Alkylating agents (see section 3.1.3) react with polar solvents, e.g. water, to give rise to 
positive electrophilic carbonium ions ( -CHJ) and in other cases to electrophilic krypto ions. 

n ? 
H o C - S - O - C H , H 3 C - S O " + CHJ 

II II 
o o 

The carbonium ion thus produced readily reacts in vivo with negatively charged nucleophilic 
groups such as sulphydryl, thioesters, ionized acid or non-ionized amino groups. In the case of 
biologically important alkylations the reaction of the alkyl radical proceeds primarily via oxygen, 
nitrogen or sulphur atoms of the biological target (Loveless, 1966). 

Alkylatlon is the transfer of the positively charged R + radical and can take place through 
two substitution mechanisms, S N 1 and S N 2 . S N 1 reagents (e.g. most aromatic nitrogen mustards, 
isopropyl methanesulphonate) reacts via a carbonium ion intermediate (R1"), which rapidly alkylates 
guanine or any other appropriate nucleophile (X"). This reaction proceeds with unimolecular 
kinetics since the formation of the carbonium ion is the slower, rate determining step. Aliphatic 
nitrogen mustards, most alkyl alkanesulphonates and diethyl sulphate are of the S N 2 type. They 
form a transition complex with the nucleophile and exhibit second-order kinetics. For S N 2 
type agents the reaction rate depends upon the available concentration not only of the mutagen 
but the nucleophile (OH" of water as an example). No carbonium ion intermediate is formed. 
It would seem that these mutagens have at least the potential of being selective, although at certain 
cells stages they may tend to react more readily with the more numerous SH groups in the protein 
than with DNA. 

The reactivity of alkylating agents has been studied by several workers (Ross, 1962; Price, 
1958; Swain and Scott, 1953; Edwards, 1954) and the relation between molecular structure, 
reactivity and mutagenicity extensively examined by others (Ehrenberg, 1971; Heslot, 1962). 
The reactivity of alkylating agents can be described in terms of Swain and Scott 's (1953) substrate 
constant ' s ' , which simply describes the dependence of bimolecular rate constants on nucleophilicity 
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FIG. 18. Formation of phosphotriester and its rearrangement. 

of the receptor site. The relative's ' (substrate constant) value, M2 chlorophyll mutations and M, 
plant sterility for several monofunctional alkylating agents are compared in Table XIII. 

In general, compounds with a h igh ' s ' value are SH inhibitors, have low mutagenicity and 
high toxicity, though the so-called 'super mutagens' (Rapoport et al., 1966), methyl and ethyl 
nitroso urea, have l ow ' s ' values of 0.42 and 0.26 respectively (Veleminski, Osterman-Golkar and 
Ehrenberg, 1970). 

The dialkyl nitroso amines (e.g. diethyl nitroso amine) are stable compounds, which apparently 
act on DNA only after enzymatic activation (removal of one alkyl group). The acyl nitroso amides 
and other nitroso compounds (N-nitroso-N-methyl urethane, l-methyl-3-nitro-l-nitroso guanidine, 
N-nitroso-N-methyl-p-toluolsulphonamid, streptozotocin) that have electrophilic groups attached 
to the nitrogen are more labile. They decompose at alkaline pH, giving rise to alkylating diazo-
compounds and to nitrous acid at acidic pH. Sulphydryl groups increase DNA methylation by 
nitroso guanidines (McCalla, Reuvers and Kitai, 1968). But it is still unclear whether direct alkylation 
of DNA or some indirect effect is responsible for the induction of mutations. 

3.2.2. Reaction of alkylating agents with DNA components and some potential 
mechanisms for the production of mutations and chromosomal aberrations 

Both S N 1 and S N 2 type alkylating agents preferentially react with N-7 position of guanidine 
whether within nucleic acids, nucleotides, or nucleosides, whereas the alkylation of adenine or 
cytosine is minor. No reaction with thymine has been reported. Alexander and Stacey (1958) 
and Reiner and Zamenhof (1957) have identified alkylation of phosphate groups in the DNA as 
the primary reaction sites. The resulting phosphotriester (Fig. 18) is unstable. It undergoes 
rearrangement to alkylate the N-7 atom of guanine preferentially 

Alkylated guanine is assumed to ionize differently than normal guanine, producing pairing 
errors. If alkylated guanine pairs with thymine instead of cytosine (Fig. 19) a transition type 
mutation 

G A 

III II 

C T 
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FIG.19. Base-pairing of alkylated guanine to cytosine (AJ and of the ionized form (N-l) to thymine (B). 

will result. However, transversion type mutations are readily produced by several alkylating agents 
(Freese, 1961). This can be explained if one supposes that alkyl group on guanidine labilizes 
/3-glycosidic linkages resulting in depurination (Fig.20). 

Depurination will leave a gap in the DNA template and at the time of replication either a 
deletion will result or any one of the four bases may be inserted into the new strand opposite the 
deletion. In this way both transitions and transversions may be induced. Furthermore, depurina-
tion leaves an unstable deoxyribose residue, which may undergo rapid hydrolysis resulting in the 
cleavage of the polynucleotide chain. But it is not known whether the chromosome-breaking 
effects of alkylating agents is mainly due to the removal of guanine or whether it occurs only when 
the DNA backbone is ruptured. 

3.2.3. Physiochemical properties as they affect mutagenicity of alkylating agents 

3.2.3.1. Methylating versus ethylating agents 

Alexander, Lett and Parkins,(1961) consider ethylating agents more mutagenic than related 
methylating agents (Bautz and Freese, 1960). In fact methylating agents are expected to be more 
reactive than their ethylating counterpart on a per mole basis (see Ross, 1962). However, since 
methylating agents are more toxic, a higher dose of corresponding ethylating agents is tolerated. 
They have therefore appeared to be more efficient as mutagens. This is in line with the findings 
of Minocha and Amason (1962) who found MMS to be more mutagenic in barley than EMS on 
equimolar basis. However, these concepts do not seem to stand for methyl nitroso urea (MNH), 
which seems more effective and efficient than ENH, though the mechanism of action for these 
two compounds may be different from that of the sulphonate. 
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FIG.20. Ethylation of guanine at the 7N position and resulting tautomeric shift flower right) and depurination. 

3.2.3.2. Number of functional groups 

In general, bifunctional and polyfunctional alkylating agents are more toxic than their mono-
functional counterpart as they induce both inter- and intramolecular cross-linkages effectively. 
High mutation frequencies are usually not found in plants after seed treatment with these agents 
(Ehrenberg, 1960; Miiller, 1965; MacKey, 1954a). Secondary bifunctional alkylating agents 
(2-chloroethyl or 2-bromoethyl radical of mustards) are very effective mutagens (Ehrenberg et al., 
1966) though their toxicity reduces mutagenic efficiency. 

3.2.3.3. Solubility in lipids 

With a series of isopropyl esters of methane-, ethane- and butanesulphonic acids Konzak 
et al. (1965) found a decrease in mutation frequency parallel with an increase in lipid solubility 
of the compounds. This solubility in lipids presumably leads to cell toxicity through preferential 
alkylation of lipid-rich cell materials. 

3.2.3.4. Charge of molecules 

Entry of charged molecules is limited by the protoplasmic membrane. This has been shown 
for nitrogen mustards and ethyleneimine (Nawar, Konzak and Nilan, 1970; Wagner et al., 1968). 
This may explain the relative ineffectiveness of ethyleneimine at low pH (Konstantinov et al., 
1970). Though ammonium ions are the reactive species and predominate at low pH, they seem 
less able to penetrate the membrane due to their charge. Similar inactivity of monoalkyl sulphates 
is probably due to their inability to enter cells. An enzyme inhibitor, sodium azide, has been found 
to be a highly efficient mutagen in barley especially at low pH (Nilan et al., 1973). At pH 3 the 
predominant species is hydrogen azide - HN3 , which is neutral and probably readily penetrates 
membranes. 
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3.2.3.5. pH and buffers 

Alkylating agents react with polar solvents (e.g. water) to produce acidic products. This 
reduces the mutagenic efficiency by reducing the quantity of available chemical (for decomposition 
rates of a variety of alkylating agents see Tables X and XV) as well as by producing acidic hydro-
lytic products that are toxic to cells. 

While acidic products of such agents as dES and EMS can be controlled by buffering the 
mutagenic solutions (see Kamra and Brunner, 1970), it is now realized that the pH, buffer type 
and several other conditions (e.g. molarity of the buffer, photolysis - discussed below) may 
produce different effects on different alkylating agents. As an example neither the pH nor the 
buffer type affect the mutation frequency induced by isopropyl methanesulphonate (iPMS) 
(Konzak et al., 1971). Moreover, they have little effect on the rate of mutagen degradation but 
both significantly cause growth injury. By contrast, pH and buffer type both appear to influence 
mutation frequency and M, plant survival when dES is used. On the other hand, with these com-
pounds the buffer is only important when the time of treatment is extended beyond about 2 hours 
and with the higher mutagen concentration from which the acid concentration will injure cell 
membranes. 

Nitroso-compounds such as N-methyl-N-nitroso urea (MNH) and several nitroso guanidines 
(MNNG, ENNG, etc.) are most stable at pH 6. They decompose into nitrous acid (HN0 2 ) at 
low pH, while diazomethane is produced at alkaline pH (see McCalla, Reuvers and Kitai, 1968; 
Kamra, 1972). Both of these breakdown products are mutagenic themselves, yet MNNG is non-
mutagenic in barley (Kamra, 1972). 

The relative dissociation of the mutagen in solution (pK value) may also be affected by the 
pH of the solution. Since the penetration of charged ions is limited by the cell membranes, the 
pH of the solution will markedly affect the penetration of ions in the cells (see section 3.2.3.4 
for a discussion on nitrogen mustard, EI and sodium azide). 

Veleminsky and Gichner (1970) have claimed that the in vivo pH of Arabidopsis thaliana 
seeds remains unaltered by pH of the buffered mutagenic solution. While this may be true, 
nevertheless very low pH, i.e. high hydrogen ion concentration, by itself might injure the cell 
membrane. Therefore it is not surprising to find that pH changes alone may produce growth 
injury (Konzak et al., 1971). 

3.2.3.6. Photolysis 

Some agents may break down in visible light, e.g. N-methyl-N-nitroso urea (MNH), nitroso 
guanidines (MNNG — see Table X) as reported by Kamra (1972) and McCalla, Reuvers and Kitai 
(1968). These treatments should be performed in the dark. Several intercalating agents (e.g. 
1CR-170) also have a photodynamic action and have to be handled in the dark or under subdued 
light. 

3.2.3. 7. Temperature 

The rate of chemical reactions is appreciably increased by raising temperature, whereas 
physical processes such as diffusion are little affected by it. While biological reactions change by 
a factor of two for each 10°C change, the degradation reactions of a mutagen in vitro may 
increase by a factor of four for a 10°C rise in temperature (Konzak et al., 1965). The hydrolysis 
half-life of several alkylating agents is presented in Table X. Further consideration of temperature 
during the treatment will be discussed in the section on 'dose' (3.4). 
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3.2.4. Repair processes 

For the recovery of mutations after alkylation, various enzymatic reactions leading to the 
breakdown, repair and misrepair of the genetic material must be considered. Some of the micro-
organisms capable of repairing u.v. induced thymidine dimers can apparently effectively repair 
alkylated bases as well. Different cell lines of mouse lymphoma show varying sensitivity to sulphur 
mustard, even though chemical studies show that the extent of alkylation is the same in both cell 
types (see Fishbein, Flamm and Falk, 1970). Apparently, the repair mechanism is most effective 
in the least sensitive cell lines. Crop plants and cultivars differing in repair capacity probably 
do occur but little is known about this at present. 

3.2.5. Other chemical mutagens 

Numerous compounds reacting in vivo with biomolecules have been tested for their muta-
genicity in crop plants (see section 3.1). These include hydroxylamines, free-radical producing 
agents (hydrazines, organic free radicals and hydrogen peroxide generating compounds, aldehydes, 
phenols), certain inhibitors of DNA synthesis, antibiotics, mycotoxins, intercalating agents, heavy 
metals and complexes, oxygen, and enzyme inhibitors (e.g. cyanide). As these chemicals are not 
extensively used in mutation breeding, they will not be discussed further here. 

3.3. OBJECTS AND METHODS OF TREATMENT 

3.3.1. Types of plant material 

Most mutation breeding experiments have been carried out with seed-propagated species and 
consequently soaking of seeds in mutagen solutions was the most preferred method of mutation 
induction with chemical mutagens. However, one may wish to treat tubers, bulbs or conns, 
dormant cuttings or scion wood, rooted cuttings or growing plants, bud wood, stolons and other 
similar organs by which the plant in question is most easily propagated. Here, the treatment proce-
dures are more complicated and to a large extent not yet satisfactorily developed. 

Most asexually propagated crops are dicotyledons having three or more cell layers in the 
apical meristem and, since mutation is a one-cell event, a somatic mutation leads normally to a 
mericlinical chimera. Therefore, to reduce the diplontic selection (Gaul, 1959a, b) and to obtain 
mutated sectors that are not too small for detection, the treatment should be given when the 
primordia in question consist of a few cells only. The treatment should be limited to the buds 
or parts of plants from which the mutations are to be isolated later. Special methods that aid 
in the recovery of induced mutations are: 

(a) Decapitation in order to force growth from basal buds 
(b) Shielding of roots 
(c) Shielding of the cambium of scion in the region of the graft union. 
As is the case with radiation treatment of vegetatively propagated plants, it appears most 

advisable to develop an appropriate adventitious bud technique by which whole homohistant 
plants can be regenerated from a single cell and the development of chimeras be avoided. 

So far, irradiation has been more useful than chemical mutagens in producing mutations in 
asexually propagated crops. Thus, compared with ionizing radiations treatments with EMS and 
EI" have produced disappointing results in various fruit trees and small fruit bushes (Nybom and 
Koch, 1965) as well as in ornamentals like Chrysanthemum morifolium (Bowen, 1965). This may 
be due to insufficient penetration of the chemicals and their generally poor chromosome-breaking 
ability. For asexually propagated crops chemical mutagens that produce chromosomal mutations 
may be more useful than those that produce gene mutations. Nevertheless, several potentially 
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useful mutants for earliness in black currants were obtained through 0.02—0.3% EMS treatment 
of woody cuttings (Nybom and Koch, 1965). Heslot et al. (1961) treated vegetative scions from 
rose with EMS. EMS was apparently effective as a mutagen on the diploid form, but relatively 
ineffective on the polyploids. More work is needed on methods of application that may make 
the chemical mutagens more effective for asexually propagated plants. 

The production of mericlinical or sectional chimeras in mutagenesis may be avoided by 
treating pollen, zygote or the pro-embryo. Eggs, or zygotes in barley ovaries, were treated with 
EMS (Ferrary, 1965) and produced many seedlings with mutant phenotypes. Since comparative 
studies on these methods in a single system are lacking, no definite recommendations are feasible 
at present. 

A limitation in the pollen treatment arises from the maintenance of pollen viability, which is 
limited in many species. Certainly pollen treatment is more laborious than seed treatment, but 
is advantageous (i) in avoiding the production of chimeras, and (ii) in experiments studying 
specifically somatic endosperm mutations. 

Treatment of zygotes or pro-embryos with ionizing radiation seems to have practical signi-
ficance for the induction of mutations in certain self-fertilizing crops, e.g. barley (Mericle and 
Mericle, 1962). At present no comparable information on zygote or pre-embryo treatment with 
chemicals is available. 

3.3.2. Treatment procedures 

Seeds and buds may be treated either in the dormant state or in the actively metabolizing 
and synthesizing stage. Several methods for treating growing plants and pollen have been described: 

(a) Seeds, buds and dormant cuttings may be dipped or soaked in a mutagenic solution of 
appropriate concentration. 

(b) A shallow cut may be made in the plant stem and the mutagen supplied through allowing 
the mutagen to be sucked up from a test-tube or from a wad of cotton saturated in the 
chemical agent. This method can be used either for the intact plant (Oehlkers, 1943; 
Scheibe, 1959b) or the developing intact inflorescence (Bianchi, Mariani and Uberti, 
1961). 

(c) A suitable amount of the mutagen may be injected in or near the organ to be treated. 
(d) A mutagen may be applied in low concentrations to the growth medium and allowed 

to enter the plant through the roots. (This simple method offers the advantages of 
studying (i) chronic mutagen exposures, and (ii) sensitivity of different stages of growth 
and development to the chemical mutagen.) 

(e) Pollen in a monolayer may be exposed to the vapour of the mutagen in a closed humid 
chamber (Mabuchi and Arnason, 1969). 

3.4. DOSE 

Dose in terms of applying a chemical mutagen to plant material is a measure not easily defined. 
It involves certainly the amount of mutagen and/or its concentration and the treatment or life 
time of the compound. It should, however, also include the effectiveness of the compound to 
reach the genetic target and to cause alteration of the molecules carrying the genetic information. 

The dose required for a particular experiment depends upon the desired effects and may 
be restricted by undesired effect of the treatment. 
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3.4.1. Properties of chemical mutagens that influence the effect of treatments 

Properties of mutagens that limit their effectiveness are their (a) solubility, (b) toxicity, 
and (c) reactivity. The useful range of concentration is restricted by the solubility of the mutagen 
in the treatment solution as well as its toxicity. Mutagens vary widely in their toxicity. Both the 
alkyl and the alkane groups of alkyl alkanesulphonates seem to be involved. In general, the 
methylating agents (e.g. MMS) are more toxic than the corresponding ethylating agents (EMS). 
Thus high toxicity limits the mutagenic efficiency of MMS, although on equimolar basis it is 
more mutagenic than EMS (Minocha and Amason, 1962). The mutagen may react with the 
components of the solvent system, e.g. buffer components (McCalla, Reuvers and Kitai, 1968; 
Kamra, 1972), solubilizers and the solvent itself. In aqueous solutions of alkyl alkanesulphonates 
and alkyl sulphates, hydrolysis of the mutagen appears to be the main route of destruction. The 
acidic hydrolytic products, although non-mutagenic, produce significant physiological injury and 
sterility, thereby reducing the mutagenic efficiency (Konzak et al., 1965). 

3.4.2. Dose determination 

The dose of a chemical mutagen treatment is made up of several parameters, the most important 
of which are (1) concentration, (2) duration of treatment, and (3) temperature during treatment. 

3.4.2.1. Concentration 

The uptake of a chemical"mutagen by soaked seeds follows simple diffusion laws as determined 
through the uptake of 14C-EMS (Walles, 1967b) and HC-MMS (Brunner and Mikaelsen, 1971). 
This will hold true as long as the concentration of the mutagen in the solution is greater than in 
the cell. 

The volume of the treatment solution may also play a role. Large volumes of mutagen solution 
(at least 1 ml per seed in the case of cereals) are used to provide each seed the opportunity to 
absorb the same number of moles of mutagen. To ensure a uniform concentration throughout 
the treatment, the solution with the seeds should be gently shaken. 

Formerly, relatively high concentrations of chemicals were applied to dormant seeds at room 
temperature for long periods of time (12—24 h), resulting in a greater proportion of physiological 
damage (measured as increased seedling injury and decreased survival) as compared with mutation 
rate. Treatments with lower concentrations for longer periods at lower temperatures have yielded 
high mutation frequencies with high rates of Mj plant survival (Konzak et al., 1965). More recently 
it has been found that, in general, by using pre-soaked seeds, lower concentrations may be employed, 
thus yielding a higher efficiency for a given treatment (Mikaelsen, Ahnstrom and Li, 1968; Savin, 
Swaminathan and Sharma, 1968; Brunner and Mikaelsen, 1971). Some concentrations used 
for the treatment of cereal seeds with various chemicals are given in Table XIV. 

Where experience of the optimal mutagen dose is lacking, a concentration in the range given 
above may be chosen tentatively to perform a simple "seedling growth test'using the genotype of 
interest. A treatment giving 3 0 - 4 0 % growth reduction is generally assumed to give an optimal 
mutation yield in cereal crops; for EMS a growth reduction of 20% seems to be strong enough. 

3.4.2.2. Duration 

Treatment periods must be long enough to permit hydration and thorough infusion of the 
treated tissues by the mutagen. This led to the employment of long periods of treatment in the 
late 1950s. However, recent experiments with 14C-MMS uptake in dry rice embryos indicate that 
the uptake saturation occurs within one half to one hour, although for the whole seed with hull 
it took up to 5 h. Dehulling appears to accelerate the rate of mutagen diffusion. 
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TABLE XIV. CONCENTRATION RANGE RECOMMENDED 
FOR VARIOUS MUTAGEN TREATMENTS OF CEREAL SEEDS 

Mutagen Concentration range Some useful references 

EMS 

dES 

El 

0.05 to 0.3M 
or 
0.3 to 1.5% 

0.015M to 0.02M 
or 

0.1 to 0.6% 

0.85 to 9.00mM 

Mikaelsen, Ahnstrom and Li (1968) 
Konzak et al. (1965) 
Savin, Swaminathan and Sharma (1968) 

Mikaelsen, Ahnstrom and Li (1968) 
Konzak et al. (1965) 

Wagner et al. (1968) 

ENH 
and 
MNH 

NaN3 

0.05 to 0.15% 
1.2 to 14.0mM 
or 

0.01 to 0.03% 

0.001 to 0.004M 

Gichner, Gaul and Omura (1968) 
Savin, Swaminathan and Sliarma (1969) 

The duration of treatment may be considerably shortened when using pre-soaked seeds. 
Although pre-soaking will initiate metabolic and synthesizing activities, it also renders the cell 
membranes readily permeable to the mutagen and results in reduced variability. 

The duration of treatment that results in the highest mutagen effectiveness varies according 
to the hydrolysis reaction rate of the mutagen (see Table XV). The association between 
mutagenic effectiveness and the hydrolysis rate of alkylalkane sulphonates and alkyl sulphates 
has been studied in several laboratories (Heslot et al., 1961; Konzak et al., 1965; Ehrenberg et al., 
1966). Where the duration of the treatment is relatively long in comparison to the half-life of the 
mutagenic solution, the treatment solution should be (1) buffered, and/or (2) renewed periodically 
with freshly prepared solutions when approximately one-fourth of the mutagen has been hydro-
lysed, to maintain a relatively constant mutagen concentration. If a short treatment with high 
concentrations at relatively high temperatures is given after pre-soaking (e.g. 0.2—0.4M EMS for 
0.5—2 h at 20—25°C) it appears unnecessary to buffer or periodically renew the mutagenic 
solution (Brunner and Mikaelsen, 1971). 

3.4.2.3. Temperature 

The temperature of the mutagenic solution has a great influence on the mutagenic chemicals 
(Tables X and XV), while the rate of diffusion of the chemical is very little affected by it. 
Since the hydrolysis rate decreases at low temperatures, a mutagen will be stable for a longer time, 
ensuring its reactivity with the nucleophilic centres in the target. This is specially important for 
chemicals like dES that have a short half-life. The hydrolysis half-lives of the chemical mutagens 
dES and EMS at various temperatures are presented in Table XV; for half-life values of several 
other alkylating agents see Table X. 

It is recommended to give short treatments ( 0 . 5 - 2 h) at temperatures of about 2 0 - 2 5 ° C 
to seeds that have been pre-soaked for different times at room temperature (pulse treatment). 
These conditions facilitate the absorption of a mutagen, increase the metabolic activity of the 
seed and enhance the rate of reaction between the chemical and the genetic target. Using this 
method at the IAEA Seibersdorf Laboratory a marked increase in the efficiency of EMS and dES 
was achieved (Mikaelsen, Ahnstrom and Li, 1968; Brunner and Mikaelsen, 1971) as compared 
with the dry-seed treatment (Gaul, 1962, 1964; Froese-Gertzen, 1962; Froese-Gertzen et al., 
1964). 

68 



TABLE XV. HYDROLYSIS HALF-LIFE OF 
dES AND EMS AT VARIOUS TEMPERATURES 

Temperature 
(°C) 

Hydrolysis half-life3 

(h) Temperature 
(°C) 

dES EMS 

40 0.32 7.92 

30 1.00 25.9 

20 3.34 93.1 

10 13.1 378 

5 27.6 796 

0 59.2 1716 

a Time after which one-half of the initial concentration 
of active mutagen lias reacted with water to form acid 
and alcohol. 

3.5. MODIFYING FACTORS 

The mutation yield can be influenced by several factors acting before, during or after the 
chemical mutagenic treatment as explained below. 

3.5.1. Pre-soaking 

As mentioned before, the sensitivity of barley seeds to EMS (Savin, Swaminathan and Sharma, 
1968; Mikaelsen, Ahnstrom and Li, 1968), dES (Mikaelsen, Ahnstrom and Li, 1968; Brunner 
et al., 1968) and MNH (Savin, Swaminathan and Sharma, 1968) was greatly enhanced by treating 
them after pre-soaking in water. At 22°C two sensitive periods, at 16 and 28 h pre-soaking, were 
observed. Autoradiographic and labelled-mutagen studies revealed that the first peak of sensitivity 
may be related to DNA synthesis (Savin, Swaminathan and Sharma, 1968; Brunner and Mikaelsen,' 
1971). The second peak of sensitivity may be caused either by the release of certain metabolic 
products that have a sensitizing effect or because of a second wave of cells entering DNA synthesis. 
Pre-soaking also speeds up the rate of uptake for the mutagen by increasing the cell membrane 
permeability. 

3.5.2. pH of the mutagenic solution 

Since alkyl alkanesulphonates and alkyl sulphates produce strong acidic products upon hydro-
lysis both in the mutagenic solution and inside the cell, significant physiological damage may 
result in unbuffered treatments of relatively long duration and at high temperatures. This can • 
lower mutagenic efficiency through reduced M, plant survival. The injurious effects of hydrolytic 
byproducts can be greatly reduced by the use of buffers. Ramanna and Natarajan (1965) have 
reported that the ratio of gene mutations to chromosome aberrations increased with increasing 
pH of EMS solutions. Mikaelsen (1967a) found that the frequency of chromosome aberrations 
increased in acidic and decreased in alkaline EMS and dES solutions. Wagner et al. (1968) reported 
that a change in pH between pH 6 and pH 10 exerted its influence on the biological effects of EI 
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through its control of concentration and penetration of the imine form. McCalla, Reuvers and 
Kitai (1968) and Ehrenberg and Gichner (1967) have shown a significant influence of varying pH 
on the biological action of nitroso methyl compounds. 

Manipulation of the hydrogen ion concentration during and after treatment may produce 
a higher mutagenic efficiency. However, studies in the IAEA Laboratory at Seibersdorf failed 
to yield a significant increase in the efficiency when EMS was administered at low concentrations 
in alkaline solutions on seeds post-washed in alkaline buffer (Brunner and Mikaelsen, 1971). 

The pH of the solution should be monitored both before and after the treatment. However, 
if there is no appreciable change in the pH (e.g. methyl nitroso compounds), it does not necessarily 
indicate the stability of the compound (McCalla, Reuvers and Kitai, 1968; Kamra, 1972). If 
buffers are used for making the treatment solution, phosphate buffers are better and should not 
exceed a strength of 0.1M to avoid injury to pre-soaked seeds. 

In employing the 'pulse-treatment' method with EMS, the buffering of the treatment solution 
may be completely dispensed with. 

3.5.3. Metallic ions 

Certain metallic ions Zn2+, Cu2+) markedly increase the frequency of chromosome aberrations 
induced by EMS (Moutschen-Dahmen and Moutschen-Dahmen, 1963). Manganese and aluminium 
ions also showed an effect that was maximal with monofunctional alkylating agents, but decreased 
with polyfunctional compounds (Moutschen-Dahmen, 1964). Similar effects have been found for 
Cd, Be, Ag and Ti ions (Moutschen-Dahmen and Degraeve, 1965). 

It has been reported that metal ions reduce the chlorophyll mutation frequency in barley 
(Ramanna and Natarajan, 1965) but seem to enhance it in Arabidopsis thaliana (Bhatia and 
Narayanan, 1965). 

Patrick and Haynes (1964) have observed that the repair system in yeast is extremely sensitive 
towards metabolic inhibitors of various kinds and is inhibited by trace quantities of metallic 
cations such as iron, copper and zinc. Since probably the same primary lesion can give rise to 
chromosome aberration or mutation, the biological end-result in higher organisms may depend 
upon successful repair of the damage. 

At present, to prevent confusion, it seems advisable to prepare the mutagenic solution with 
de-ionized water. Still, in some instances it may be difficult to avoid interaction with metallic 
ions when seeds are grown in areas where the natural occurrence of Cu2+ or Zn2+ is high. 

3.5.4. Carrier agents 

It has been reported that DMSO (dimethyl sulphoxide) enhances absorption through biological 
membranes and has been tested as a carrier in chemical mutagenesis (Bhatia, 1967; Siddiq, Puri 
and Singh, 1968). So far the results are conflicting. DMSO seems to enhance the mutagenicity 
of EMS by a factor of two in Arabidopsis thaliana (Bhatia, 1967), but had no effect on the EMS-
induced mutation rate in rice (Siddiq, Puri and Singh, 1968). There are also indications that DMSO 
has a protective effect on radiation-induced chromosome breakage in Vicia faba (Kaul, 1969). 
However, at present the usefulness of DMSO or other similar carriers for improving mutagenic 
efficiency is not warranted. 

3.5.5. After-effects 

The manner of handling the seeds after treatment up to initiation of growth can drastically 
alter the mutagenic efficiency of a treatment. After-effects will also depend upon the physico-
chemical properties and the rate of hydrolysis of a chemical. Important factors are the duration 
and temperature of storage of the treated seeds. 
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Storing of mutagen-treated seeds mostly enhances injury. However, post-washed redried 
seeds can be stored at 0 to 4°C for long periods without seriously altering the mutagenic effects, 
since the post-washing rapidly removes both non-reacted chemicals and their hydrolytic byproducts 
from the seeds. A very small percentage of the mutagen still stays in the seeds after 18 h post-
wash as revealed by the in-diffusion/out-diffusion curve for labelled mutagen (14C-MMS) (Kamra, 
Brunner and Kim, unpublished). 

Bender and Gaul (1966, 1967) rapidly dried EMS-treated seeds over P 2 O s at 2 0 - 3 0 mm Hg 
pressure at 40°C followed by seed storage at - 2 0 ° C in a deep freeze. By this method they claim 
to have eliminated all after-effects completely. 

3.6. METHODS OF PRE- AND POST-TREATMENTS IN CHEMICAL MUTAGENESIS 

3.6.1. Pre-treatment soaking 

Several important changes take place in seeds when they are soaked. These depend to some 
extent on the conditions of soaking (duration, temperature, soaking solution) and on the type of 
seed. 

In general, however, one of the first phenomena observed is the leaching of water-soluble 
substances from the seed. These substances include free metabolites (Kamra et al., 1960) and 
germination inhibitors (Barton and Salt, 1948; Konzak et al., 1969). This loss of material usually 
occurs in the early stages of hydration of the seed tissue. Kamra et al. (1960) demonstrated with 
barley seeds that the bulk of these substances is leached from the seed after only about half an 
hour of soaking at room temperature. 

Another phase in the soaking process involves the hydration of the cell membranes1 and macro-
molecules (Ahnstrom, 1968a). This phase appears to be temperature-dependent and is closely 
related to initiation of the metabolic capabilities of the cellular biochemical systems. However, 
depending largely on the species of seed involved, probably most tissues of the seed can be 
hydrated at a temperature (as low as 0°C) that will inhibit metabolic activity and especially cell 
division relative to the hydration of the system. Cell division is considered here as a phenomenon 
distinct from that of tissue hydration. Tissue hydration and increased metabolic activity may not 
be completely separable as temperature also affects the conformation of nucleic acids and proteins 
in the cell(s), thereby influencing metabolic activity and also probably the availability of specific 
chemical sites for reaction with the mutagen. 

Precise knowledge of the influence of temperature on the hydration rate of embryos in intact 
seeds is not yet available. Water absorption of whole seeds or even of embryos is not a sufficiently 
close measure of the hydration of the embryo tissue. The embryos of cereal seeds will rapidly 
take up water, most of which remains as free water. The rate of absorption of this water by cell 
macromolecules is not accurately known. Nevertheless, from some recent studies (Konzak et al., 
1969; Conger, Nilan and Konzak, 1968a), the embryos of barley seeds (var. Himalaya CI 620) 
appear appreciably hydrated after 8 to 9 h soaking in distilled water at 0°C while the metabolic 
activity and developmental stage of the cells is inhibited. Raising the temperature of hydration 
and increasing oxygen availability advances the developmental stage of the cells. The S (synthesis) 
stage appears most sensitive to attack by alkylating agents and, hence, treatments should probably 
be applied before the S stage for maximum effectiveness. Relatively little is yet known about the 
mutagenic efficiency of treatments made at S versus G stages. The available reports show that 
mutations and especially chromosome aberrations are higher when treatments are made to cells in 
their synthesis stage and lower at earlier stages (Natarajan and Shivashankar, 1965). Greater 
mutagenic efficiency (more mutations/aberrations) might be achieved from treatments in mid to 
late G, when sensitivity to chromosome aberration may be lower. 
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Mikaelsen, Ahnstrom and Li (1968) indicate that cells in the embryos of Himalaya barley 
seeds are at S stage after 15 to 20 h soaking in distilled water at 20°C. This rather wide range in 
observed durations of soaking may be due to differences in the removal of germination inhibitors 
and/or the availability of oxygen in the soaking solution. 

The following procedures are suggested: 

1. For washing and hydrating seeds at low temperature 

(a) Change method: Immerse selected seeds in distilled or de-ionized water — for barley 
seeds about 1 ml/seed, changing several times during the hydration period beginning at about 15 
to 30 min after the first immersion; soaking about 8 to 12 h at 0°C, shaking occasionally in an 
ice bath or refrigerated water bath. 

(b) Running-water method: Immerse seeds in running de-ionized or distilled water. Cooling 
of the water can be achieved by passing it through thin-walled plastic, glass or stainless-steel tubing 
(copper or zinc coated tubing should not be used because of the interaction in the biological 
system with certain chemical mutagens) into an ice or water bath. Wash for 8 to 12 h as above. 

2. For washing and hydrating seeds under conditions conducive to the advance 
of the metabolic stage 

Follow procedures similar to those under (a) and (b) above, except the temperature should 
be appropriate for growth of the species. A running-water system also can be used. Air should 
probably be bubbled into soaking water to prevent anoxia from inhibiting germination. The time 
of soaking will depend on the time established to reach the S stage in each species. The sensitive 
stage can be established empirically by applying a single mutagen dose to seeds soaked for a series 
of times. 

3.6.2. Infusion of the mutagen 

The rate of uptake of EMS, a typical non-charged alkylating agent molecule, is influenced 
principally by the rate of hydration of the embryo tissue of the seed (Legault and Konzak, unpubl.). 

Hydration of the seed prior to the mutagen treatment seems to reduce the experimental 
variability by allowing the mutagen to permeate the cell membranes. However, if the soaking 
temperature is high (30°C for barley), variability may be increased due to differential hydration 
and germination rates of different individual seeds. Soaking at low temperature permits more 
precise control over the hydration of the system. 

Walles (1967b) has reported uptake and leaching curves for hulled barley seeds exposed to 
EMS at 18°C. Her results, which have been confirmed by others, suggest that the entry and removal 
of this mutagen from seeds follow standard diffusion kinetics. However, differences can be expected 
at different temperatures if, as in Walles' experiments, the uptake of the mutagen occurs at the 
same time as the hydration of the tissue. The hydration rate of tissues such as the embryo of 
dry seeds, appears to be greatly influenced by temperature, whereas the rate of diffusion of water 
or mutagen into or out of the tissue is not so greatly affected (Legault and Konzak, unpubl.; 
Walles, 1967b). Thus, the influence of temperature on diffusion for the temperatures 0 and 
30°C is related to the difference in degrees Kelvin or 30/273. 

This means that once seeds are hydrated, a low-temperature pretreatment (approx. 0°C) 
should be given for the time of mutagen uptake. The low temperature for mutagen uptake is 
desirable because the reaction rate of the mutagen is slowest at low temperature. The temperature 
of uptake affects not only the quantity of mutagen used in unwanted reactions in external tissues 
but also the quantity of mutagen molecules lost due to hydrolysis. The objective of the pre-
treatment is to achieve an equilibrium concentration of the agent inside the tissue before the 
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seeds are ' treated' for the designated period at higher temperature and to inhibit metabolism and 
changes in the developmental stage of the biological system during the mutagen uptake period. 

From the results of Walles (1967b) and data of Legault and Konzak, about 5 and 6 h exposure 
to the mutagen at 20 and 0°C respectively appears necessary before the mutagen concentration in 
the embryo of the seed is at equilibrium with that of the external solution. 

Special note 

To achieve treatment reproducibility when treatments are applied following the regime 
suggested above, the quantity for a seed the size of barley (about 1 to 1.50 ml/seed) of freshly 
prepared mutagen solution must be sufficient to assist rapid adjustment of the seed temperature 
when the transfer to higher temperature is made. The error from this aspect of the treatment 
regime will be lower when the change of temperature is smaller. 

3.6.3. Post-treatment drying 

Post-treatment drying is especially desirable for convenient handling of mutagen-treated seeds. 
With most alkylating agents increased damage, which is not completely preventable by post-
treatment washing, occurs on re-drying and storage of seeds. Several factors seem responsible 
for the phenomena observed. 

(1) Solubility in water and lipids: Probably the most important factor is the relative fat 
versus water solubility of the mutagen. Most alkylating agents are highly soluble in lipids. Hence, 
even by extensive post-treatment washing, the small but effective part of the mutagen molecules 
that becomes dissolved in the lipid bodies of the cell during treatment is very difficult to remove. 

(2) Hydrolysis rate of the agent: This factor affects the quantity of mutagen available for 
reaction in the cell after the treatment period. Diethyl sulphate, for example, hydrolyses about 
30 times faster than ethyl methanesulphonate; therefore, the post-treatment period during which 
damage may increase is approximately 30 times shorter for diethyl sulphate (Narayanan and 
Konzak, 1969). 

(3) Enzymatic action in the biological system: This third factor tends to reduce or prevent 
increasing damage when seeds are sown immediately after treatment without washing or drying. 
Some of the esterases normally present in cells are relatively non-specific (Racker, 1952). There-
fore, they can probably degrade alkylating agents as well as their alkylated products. 

(4) Effective concentration of agent: On re-drying the seeds, the ratio of remaining mutagen 
to water is increased, increasing the effective concentration of mutagen in the cell. 

(5) Uptake of hydrolysis byproducts: The extent to which the uptake of hydrolysis 
byproducts by seeds during treatment can affect the extent of post-treatment damage is unknown. 
Recent results suggest that the uptake of hydrolysis products in the presence of the mutagen, 
ethyl methanesulphonate, may be a factor to consider (Legault and Konzak, unpubl.). 

3.6.4. Methods of drying 

Various methods of post-treatment drying have been used. Treated and post-washed seeds 
may be dried by simply laying them out in dishes over blotting paper if the atmospheric humidity 
is low enough to absorb water. Drying time may be reduced by the use of an electric fan blowing 
over the seeds. Uncontrolled heating, however, should not be used. Seeds may be left in screen 
bags and air moved over them using an electric fan, using a fume hood. Elevated temperature 
drying may also be convenient, but in this case the temperature used should be relatively low, 
not exceeding 35°C. Precise control of drying is not easily achieved, except via an air-draft 
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temperature-regulated dryer. In this case, it is important to distribute seeds in such a way as to 
ensure uniformity in drying. 

Vacuum drying is possible, but the removal of water (and heat) occurring in the process may 
subject the seeds to freezing, which may have unwanted effects. Satisfactory vacuum drying can, 
however, be achieved if a thermostatically regulated device is used to surround the seeds during 
the drying process. 

3.6.5. Post-treatment washing 

Complete prevention of dry-back damage to treated seeds by any post-treatment is not yet 
possible. However, a significant reduction in damage is possible by extensively washing treated 
seeds in running water before they are dried. The experimental results of Walles (1967b) suggest 
that only a short period of washing is necessary to reduce the concentration of remaining mutagen 
in seeds to insignificant levels. However, experience has proven that much more extensive washing 
is necessary. In fact, Bender and Gaul (1966) have shown that, even after 24 h washing, there is 
a dry-back increase in damage to EMS-treated seeds unless they are stored at low temperature. 
Significantly, there appears to be a reduction in injury without a reduction in the mutation yield 
from some treatments that involve post-washing and drying prior to planting. 

Recently we found that 8 h post-washing at 0°C largely prevented increases in damage due 
to post-treatment drying of seeds treated with iPMS. However, iPMS is a very fast hydrolysing 
chemical and the extent of post-treatment increases in damage appears related to the hydrolysis 
half-life and the concentration of the agent (Narayanan and Konzak, 1969). 

Results to date indicate that for the alkyl alkanesulphonates, if treatment solutions are 
buffered appropriately to avoid damage from acid hydrolysis, there is little advantage in the use 
of a buffer in the post-treatment wash. 

3.6.6. Post-treatment application of chemical 'scavengers' 

Experiments in progress suggest that the use of sodium thiosulphate buffered at pH 9 (alkaline 
buffer prevents its degradation) as a post-treatment to alkyl alkanesulphonate-treated seeds will 
significantly reduce the dry-back damage. The effective thiosulphate concentration depends to a 
large extent on the original mutagen concentration. The time of treatment must be relatively 
short. The maximum active concentration permissible in reported experiments was 1 ml/seed 
of 0.05M thiosulphate in pH 9.0 phosphate buffer post-treated for 1 h at 20°C before seeds 
were dried. Thiosulphate post-treatment increased survival and reduced seedling height injury 
by as much as 50—60% but also reduced mutation yield as calculated on the basis of numbers of 
mutants per 100 M2 seedlings. The yield of mutations per 100 M, spikes was not reduced, which 
appears to be the result of lower sterility of the M, plants (Narayanan and Konzak, 1969). 

3.7. HANDLING AND DISPOSAL OF CHEMICAL MUTAGENS 

Chemical mutagens are now very widely used. However, many laboratories may not have 
specific information bulletins for their personnel on safety in the handling and disposal of 
mutagens. The purpose of this section is to provide such information relative to the clean-up 
and disposal of the commonly used chemical mutagens. For each class of compounds suggestions 
for storage, clean-up and disposal are given along with a list of known dangerous reactions and 
possible health hazards. Some useful references on these subjects are also listed in the biblio-
graphy at the end of this section. 

However, it should be emphasized here that proper disposal is only one of many stages 
in the safe handling of chemicals. A reasonable knowledge of the prevention of laboratory accidents 
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and facilities to combat any mishaps will greatly alleviate most of the danger inherent in handling 
mutagens. There are several factors that contribute to safety in a laboratory, which include training 
of personnel, availability of proper equipment, construction of the laboratory, adequacy of lighting 
and ventilation, maintenance of the laboratory, adherence to a set of laboratory rules and guide-
lines, and availability of medical assistance in case of accident. One should practise the common 
laboratory safety procedures such as use of gloves, safety glasses, lab coats, pipette fillers etc. 
while handling chemical mutagens. Chemical mutagens should be used only in or near enough 
to a functional fumehood to ensure disposal of chemical vapours. Moreover, in the case of bad 
spills, professional help (such as the fire department) should be sought because it may be necessary 
to use self-contained breathing apparatus, gas masks etc. during the clean-up and decontamination. 

3.7.1. Alkyl alkanesulphonates and alkyl sulphates 

Common examples: methyl, ethyl, propyl, isopropyl, and alkanesulphonates; i.e. ethyl 
methanesulphonate, ethyl ethanesulphonate, diethyl sulphate. 

Physico-chemical properties: Generally liquids, very soluble in organic solvents, slightly 
soluble in water; undergo hydrolysis forming strong acid; the rate of such hydrolysis is largely 
dependent on the alkyl moiety. 

Storage: Store in small, airtight coloured bottles in a refrigerator, preferably inside a sealed 
chamber containing a desiccant. 

Qean-up: Cover the spill area with excess sodium bicarbonate and vermiculite or other 
highly absorbent materials such as sawdust, etc. Mix and scoop into a bucket of water. Wash 
the spill site with a detergent. Store the bucket containing the mutagen refuse in a safe place. 
After 48—72 hours pour the liquid down a drain with excess water. Dispose of vermiculite or 
sawdust with normal waste. 

Disposal: Use one of the following three alternatives to dispose of the waste or used mutagen 
solution: 

(i) Dissolve in waste alcohol and spray into an incinerator fitted with afterburner and scrubber 
(ii) Mix with excess vermiculite or sand-soda ash mixture ( 9 0 - 1 0 ) in an open pit. Cover with 

scrap paper, wood, sawdust, etc. Ignite with a long match or fuse. Stay away from the 
smoke. Burn only in a safe, open area where there is no danger of the smoke entering office 
buildings etc. 

(iii) Mix with excess sodium bicarbonate (powder) in a bucket. Dump into a large drum and fill 
with water (about 50 litres). After 48—72 hours slowly pour into a drain with excess water. 
Dangerous reactions: Dimethyl sulphate has been known to react very violently with con-

centrated aqueous ammonia, and with sodium azide (below pH 5). 
Health hazards: If the mutagen is accidentally swallowed, induce vomiting. Drink saline or 

other alkaline solution. Get a physician to carefully examine the functions of the liver and kidney. 
Persons with diseases of the central nervous system, kidney and liver should not work with these 
compounds. 

3.7.2. Nitroso compounds 

Common examples: ethyl nitroso urea, methyl nitroso urea, l-methyl-3 nitro-1-nitroso 
guanidine, N-methyl-N-nitroso urethane. 

Physico-chemical properties: Generally solids, very soluble in organic solvents, reactivity 
dependent on pH. 

Storage: Store in relatively small units ( 5 0 - 1 0 0 g) in a refrigerator. Avoid exposure to heat, 
friction, or impact. Hazardous above room temperature. 

Clean-up: If the powder is spilled, dampen the powder and brush onto a pan carefully and 
empty it in a plastic bag. If the liquid is spilled, absorb with paper or vermiculite and scoop into 
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a plastic bag. Burn the plastic bags outside in an open pit in a safe place. Sponge up the spillage 
area with water followed by decontamination with 10% eerie ammonium nitrate solution. 

Disposal: Put large volumes in an iron pan and set on fire in an open pit with a long fuse 
in the absence of other flammable material. If there is large volume of the mutagen solution, mix 
with excess sawdust and set on fire in an open pit. Stay away from the smoke. Wash the site with 
strong soap solution. 

Dangerous reactions: 
(i) Nitroso compounds can undergo violent thermal decomposition. Above 200°C the vapour 

is known to explode. 
(ii) In the presence of alkali nitroso guanidine evolves diazomethane, which can explode even 

in low temperatures if traces of organic matter are present. 
Health hazards: Exposure to nitroso compounds can cause corneal ulcers, asthma, contact 

dermatitis, etc. Some of the diagnostic tests include prominent hilar shadows in chest X-rays and 
non-specific changes in T-wave of electrocardiograms. 

3.7.3. Imines and mustards 

Common examples: Ethyleneimine, nitrogen mustards (N,N-diethyl-|3-chloroethylamine 
hydrochloride). 

Physico-chemical properties: Generally crystals or powder; others are liquids. Soluble in 
water and reactivity dependent on pH. 

Storage: Store in a container in a desiccator over sodium hydroxide in a refrigerator. 
Clean-up: Absorb the spillage with paper towel, put in an iron pan and allow to evaporate 

in a fume hood. If solid is spilled, brush onto paper. Add some crumpled paper and bum in a 
fume hood. Wash the site with strong soap solution. 

Disposal: Mix with excess sand-soda ash mixture (90—10). Shovel into a cardboard box, 
pack with excess paper and burn in an open pit in a safe area. Stay away from smoke. 

Dangerous reactions: 
(i) Can undergo polymerization and explode in the presence of acids or acid-forming materials. 

(ii) Reaction product between ethyleneimine and chlorine is explosive. 
(iii) Calcium and sodium hypochlorites form explosive reaction products with ethyleneimine 

(Note: Sterilization of seeds usually done with hypochlorites!). 
Health hazards: Exposure may cause eosinophilia. Persons with allergies, skin and pulmonary 

diseases should not come into contact with these compounds. 

3.7.4. Hydroxylamine 

Physico-chemical properties: Crystals, very soluble in water, liquid ammonia, and methanol. 
Very hygroscopic; undergoes rapid decomposition at room temperature, especially with moisture 
and C 0 2 . 

Storage: Package in small quantities and store in a desiccator inside a refrigerator. 
Clean-up: Cover the spill area with excess sodium bisulphate. Spray with water and wash 

into the drain with excess water. 
Disposal: Mix with excess sodium bisulphate in a large container, add water, neutralize 

and pour into a drain with excess water. 
Dangerous reactions: 

(i) Ignites on contact with oxidizing agents, which include barium oxide, anhydrous copper 
sulphate, lead oxide, lead dioxide, phosphorous trichloride, phosphorous pentachloride, 
potassium dichromate, and potassium permanganate. 

(ii) Can detonate in a test tube heated with a flame. 
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Health hazards: Exposure to hydroxylamine can cause irritation of the respiratory tract, 
cyanosis and dermatitis. Some of the diagnostic tests include detection of Heinz bodies in red 
blood cells and methaemoglobin determination. 

3.7.5. Azides 

Common examples: Mainly sodium and potassium azide. 
Physico-chemical properties: Mainly crystalline salts. The alkali metal salts are relatively 

stable but are readily converted to hydrazoic acid (HN3). The acid form is volatile, boiling at 
36°C, and easily volatilized from solutions by bubbling with air. 

Storage: Store as alkali metal salts in small quantities in glass containers inside a refrigerator. 
Do not store where accidental spillage or breakage could cause inadvertent mixing with acids 
or possible detonation. 

Clean-up: Mop with excess water and soap or detergent. If spill is under acidic conditions, 
also ventilate the area. Wear self-contained protective breathing apparatus. 

Disposal: Use one of the following alternatives: 
(i) Small quantities can be mixed with excess water, neutralized, and poured down a drain. 

(ii) Absorb with excess paper towel or sawdust and bum in an open pit in a safe area. 
(iii) Mix the azide solution with greater than stoichiometric amount of eerie ammonium nitrate, 

agitate for 1 —2 hours, and pour down the drain with excess water. Avoid interactions of 
concentrated solutions with copper or lead plumbing. Do not mix the mutagen waste with 
acids. Base or detergent solutions can be used to neutralize and assist in decontamination. 
Dangerous reactions: 

(i) Concentrated solutions can interact with heavy metals to produce easily detonated salts. 
(ii) Interactions with acids produce the highly toxic, volatile and explosive hydrazoic acid molecule 

(HN3). 
(iii) Interactions with alkylating agents and other chemicals that produce acids on hydrolysis, 

including EMS, dES, etc. also may be explosive. 
Health hazards: Both the neutral salts and the hydrazoic acid are cytotoxic. HN3 can be 

readily absorbed in blood stream and may cause lowering of blood pressure, increase in heart beat 
and respiration with the face becoming flushed. Recovery, however, is usually rapid. 

Precautions: In mutagenesis work with plant seeds, sodium azide is most effective at acid pH, 
and during the treatment the solutions are bubbled with oxygen or air. Under these conditions, 
HN3 is readily volatilized. If the effluents are allowed to escape into the laboratory, personnel 
can be affected. Therefore, all the treatments should be done in a fume hood. An alternative 
procedure is to treat the seeds in stoppered vessels with inlet and outlet hoses. During aeration, 
the outlet gases can be run into a hood. Under these conditions, constant treatment temperatures 
may be maintained in large water baths. 
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3.8. EXAMPLES OF TREATMENT PROCEDURES 

Treatment procedures vary widely with the type of mutagen used, the plant material chosen 
and supplies available at a particular institution. Nevertheless, it appears useful to give as examples 
two detailed procedures as they are used in particular institutes. 

3.8.1. Ethyl methanesulphonate treatment of cereal seeds (barley) 
(K. Mikaelsen, IAEA Laboratory Seibersdorf, Austria) 

Preparation 

Select uniform size of seeds with 9 5 - 1 0 0 % germinability. Place seeds in mesh (polyethylene) 
bags, about 200 seeds as far as possible in one layer. Keep the seeds in a desiccator over a 60% 
glycerol solution prior to mutagen treatment, which gives seeds a moisture of 13%. This gives 
uniform treatment and good reproducibility. Prepare a water bath so that the mutagen treatment 
can be performed under constant temperature conditions. 

Pre-soaking 

Transfer the seed bags to beakers with distilled (or deionized) water and soak for 1 6 - 2 0 hours 
at a temperature of 20—22°C (room temperature). After this period of pre-soaking the uptake or 
diffusion of the mutagen has reached its optimal rate or speed, which means that the maximum 
amount of mutagen can penetrated to the embryo tissue in the shortest possible time. At this 
stage the barley (and also normally wheat) embryo meristem tissue is starting DNA synthesis, 
which has been proved (Mikaelsen, Ahnstrom and Li, 1968) to be one of the most sensitive stages 
that produce a high mutation frequency with relatively less chromosome damage (chromosome 
aberration). 

Mutagen treatment 

A chemical mutagen dose is a product of mutagen concentration, temperature and time of 
exposure. For barley and wheat the maximal mutation frequencies have been obtained under 
the following treatment conditions: 

Concentration 0.05—0.1 M solution 
Temperature 30—35°C (in water bath) 
Time 0 . 5 - 2 hours 
Each variety must be tested for the optimal treatment conditions within its range of conditions. 

A chlorophyll mutation test in M2 with barley will provide a good guideline for the optimal mutagen 
treatment in a practical plant breeding experiment. 

This relatively weak treatment of short duration has in addition, the great advantage in 
achieving maximal mutation frequency of causing minimal physiological damage. Such treatments 
give better germinability and survival, less plant growth reduction and less sterility compared with 
most other EMS treatments described in the literature. 
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Post-wash 

To have full control over post-treatment effects and thereby maximal reproducibility of 
the EMS treatment, a thorough post-wash in water after the EMS treatment is essential. This post-
wash can, for the sake of simplicity, be carried out in running tap water (preferably at not less 
than 15°C) for at least 4 hours. Most of the remaining EMS in the seed embryos will have been 
removed by this post-wash in order to prevent any undesirable and uncontrollable after-effects 
of the chemical mutagen (EMS). 

After post-washing the seeds should either be given a short surface drying or be planted in 
the field as soon as possible. This is called the wet treatment. If the seeds cannot be planted 
soon for various reasons (weather or long transport), the seeds should be dried back to a moisture 
content of approximately 13% as soon as possible without causing any physiological damage or 
harm to the seeds. A simple practical procedure is to dry the seeds on filter paper on a laboratory 
bench at room temperature (20-25°C) . This procedure is called the dry-back treatment. Under 
such gentle conditions the seeds will retain their dormant condition and can keep good germination 
capability for several weeks. If longer storage time is required, as low a storage temperature as 
possible is advisable. 

Conclusions 

The treatment procedures described here are based on several studies in the Seibersdorf Labora-
tory and in comparative studies have shown themselves to be superior or at least as good as most 
treatments that have been described in the literature (Brunner et al., 1968; Brunner and Mikaelsen, 
1971; Mikaelsen, 1968, 1969; Mikaelsen, Ahnstrom and Li, 1968; Mikaelsen, Brunner and Li, 
1971; Mikaelsen and Li, 1974). 

With small modifications these treatments can also be successfully used for other cereals 
(i.e. rice) and most other plant species. The theoretical background for these recommendations 
will be understood from sections 3.1 and 3.2 of this manual. 

3.8.2. Azide treatment of cereal seeds 
(C.F. Konzak, Washington State University, Agronomy Department Pullman, 
Washington, USA) 

Preparation 

Place the seeds in mesh bags, no more than about 250 to a bag. Mesh bags can be made from 
plastic screening available at most lumber yards and many hardware stores. If the bags are sewn 
together with nylon thread (sew both direction edges), the bags will be durable even after long use 
in low pH solutions. Fold the top of the bag over and with a plastic paper clip attach a cotton string 
and tag with treatment identification. 

Presoak 

Put the bags of seeds in a bucket, wash with flowing water at 20°C for 2 to perhaps 6 hours 
or more (longer if cooler). If oxygen or air is bubbled into the wash water, the yield of mutations 
is improved at some presoak times. Take the seeds out and shake off excess water. 

Azide solution 

(1) Stock solution: a stock solution (for safety no higher than 1.5M but 1M is adequate) 
can be made using sodium azide and distilled water. This stock solution can be stored almost 
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indefinitely in a closed flask in a refrigerator without loss of potency. The azide will be in the 
less active form. 

(2) Buffer: vital to the success of azide treatment is a low pH buffer. At low pH azide joins 
with the H ion to form HN3 , hydrozic acid, which is fairly soluble in water. It is somewhat volatile, 
however, so it is not wise to expose oneself to the vapours. Use a fume hood when preparing the 
solutions, and carry out treatments near a fume hood to avoid potential hazards. The best buffer 
available is a phosphate buffer prepared to pH 3.0. A recipe is as follows: for 1 litre of approx. 
0.1M pH 3 phosphate buffer use 12.0gKH 2P0 4 and add H 3 P 0 4 (powder, or concentrated acid) 
till pH 3.0 is shown in tests with a pH meter. 

(3) Azide treatment solution: prepare treatment flasks or containers — glass or plastic — 
with a measured amount of buffer to be well in excess of 1 ml/seed to be sure of coverage and of 
an adequate amount of available mutagen. Bring to desired temperature (see later). Add mutagen 
from stock solution. For a 10~3 M solution add 1 ml of the 1M stock solution, proportionately 
more for other concentrations. The useful NaN3 range concentration is from 0.001M to probably 
about 0.003 or 0.004M, the latter requiring 4 ml of stock solution per litre of buffer solution. 
Use lower concentrations for longer treatment times. 

Treatment 

Place the bags of seeds into mutagen solution at 20, 25 or 30°C. We have used 20°C. HN3 

may boil off more rapidly at the higher temperatures at a rate we do not yet know. At 20°C 
2 to 4 hours of treatment is adequate. We treated for 2 hours at 20°C. Less time might be 
required when using 30°C. Shake flasks occasionally to keep up the concentration of mutagen in 
contact with seeds, or shake in a shaker water bath. Oxygen or air bubbling during the treatment 
might also be advantageous. When the treatment time is over remove the bags of seeds. Rinse 
off in tap water. Proceed to post-wash treatment. 

Post treatment 

Although it has not yet been established how important washing after treatment is to damage 
upon redrying, some washing seems desirable, if only for safety and repeatability. To post-wash 
place the bags of seeds into a bucket and run under cold tap water to overflowing for about 2 hours 
after treatment. Remove the bags of seeds, shake off excess moisture and empty the seeds onto 
blotting paper. To dry hang the bags of seeds in the air current of a fan so that the air will dry 
them fairly quickly. After a day or two of drying it might be preferable to store the seeds in a 
refrigerator until they can be sown in the field. Otherwise, plant the seeds as soon as they are dry 
without the post-wash treatment. There does appear to be increased injury to redried azide-treated 
seeds that have not been given a post-wash. The increased effect is less than with EMS. This 
indicates that the action of the azide treatment has not been completed during the treatment 
time and that, more than likely, post-washing will remove some of the chemical. 
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4. OTHER CAUSES OF MUTATIONS 

Mutations are found to occur without any apparent cause. They are generally referred to 
as spontaneous mutations. A closer analysis of the origin of spontaneous mutations reveals, 
however, that factors intrinsic and/or extrinsic to the organism may be made responsible both for 
spontaneous mutations and for an increase over the spontaneous mutation rate. Although, in 
some particular cases, it is not possible to draw clear-cut conclusions, the distinction between 
intrinsic and extrinsic factors is generally valid. Important intrinsic factors are genetic constitution 
and physiological conditions; among external factors may be listed nutrition, temperature, naturally 
occurring radiations and chemicals, and very high oxygen pressure. For a comprehensive account of 
spontaneous mutations in plants reference is made to the review written by D' Amato and Hoffmann-
Ostenhof (1956). 

4.1. GENETIC CONSTITUTION 

Spontaneous chromosome structural changes, sometimes occurring with high intensity and 
frequency, have been found during meiosis and mitosis in both animals and plants and have been 
ascribed either to hybridity or to polyploidy (Klingstedt, 1939; Giles, 1940, 1941; Darlington and 
Upcott, 1941; Walters, 1950; Gaul, 1954). 

As shown by Giles (1940, 1941) in Tradescantia, the genie unbalance due to either hybridity 
or polyploidy may be sufficient by itself to account for the observed frequencies of aberrations. 
In most hybrids, however, the majority of genetic disturbances result from heterozygosity for 
chromosomal changes, such as inversions and translocations. Thus, for example, in an individual 
heterozygous for a paracentric inversion, single crossovers taking place within the inverted segment 
are followed at anaphase 1 of meiosis by a chromatid bridge accompanied by a fragment. Since the 
frequency of crossovers within the inverted segment is dependent on the length of the segment, its 
location on the chromosome and the crossover characteristics of the individual, the chromatids 
involved are expected to bear deficiency-duplications of different lengths accompanied by a variety 
of deletions due to loss of the bridge-associated fragment. 

Since many types of crossovers may take place within the inverted segment both in paracentric 
and in pericentric inversions (Swanson, 1957), heterozygosity for inversions represents a conspicuous 
source of genetic variation. The same applies to heterozygosity for reciprocal translocations leading 
to multivalent formation at meiosis: it may be responsible for deficiency-duplication mechanisms 
when some types of orientation of the multivalent(s) on the spindle of metaphase I occur (Swanson, 
1957). 

Another source of genetic variation is inherent in the mitotic mechanics of such unstable 
chromosomes as dicentric chromosomes, centric rings and telocentric chromosomes. Following the 
initial investigations of Nawaschin (1930) on ring chromosomes in Crepis, the classical studies of 
McClintock (1938, 1941, 1942) on the behaviour of ring and dicentric chromosomes in maize have 
clarified the behaviour and fate of these unstable chromosomes. Through the so-called breakage-
fusion-bridge cycle they may increase in size by duplication of segments, decrease in size by loss 
of segments, be lost entirely, or increase in number. In addition to maize, spontaneously occurring 
rings and dicentrics have shown to persist in succeeding cell generation by the McClintock's cycle in 
other species: among others, rings in tobacco (Stino, 1940), dicentrics in a rat tumour (Roller, 1953), 
in vulgare wheat (Sears and Camara, 1952), in Narcissus (Darlington and Wylie, 1953) and in 
Agropyron scabrum (Hair, 1953). Of special interest is the high transmission of the dicentric 
(41.7% on the female side) in vulgare wheat; good transmission is also shown by radiation-induced 
dicentrics in durum wheat (Bozzini, 1961) and in pea (Monti and Saccardo, 1969). 
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TABLE XVI. 

(from Marks, 

EXAMPLES OF UNSTABLE TELOCENTRIC CHROMOSOMES 

1957) 

Material Kind of instability Conditions 
for stability 

Remarks References 

Campanula persicifolia 

FritiUaria kamtschatkensis 

Zea mays 

Triticum aestivum L. 

Triticum aestivum L. 
em The 11 

Failure of congression. 
Centromere orientated 
away from spindle 

Non-disjunction at 
pollen grain mitosis 

Non-co ngression at 
metaphase. Isochromosome 
produced through non-
disjunction 
Misdivision and non-
disjunction at meiosis 
when unpaired 

Misdivision and non-
disjunction at meiosis 
when unpaired, 
giving isochromosomes 

When paired 
at meiosis 

When paired 
at meiosis 

When paired 
at meiosis 

Plant asynaptic; 98% 
of univalents misdivide 

Plant trisomic. Extra 
chromosome telocentric 

43 chromosome speltoid 
plant. Telocentric chromo-
some pairs with normal 
homologue to give 
heteromorphic bivalent 

Plant monosomic 

Darlington and 
La Cour (1950) 

Darlington (1938) 

Rhoades(1940) 

Huskins and Spier 
(1934) 

Sears (1952) 



As to telocentric chromosomes, instability is found in many, but not all, derived telocentrics, 
i.e. those arising through misdivision of the centromere in metacentric chromosomes. Wherever 
unstable telocentrics occur, the material proves to be abnormal in other respects (Table XVI), a 
condition suggesting, according to Marks (1957), that instability is not related to centromere position. 

Another group of genetic instabilities can be related to the action of specific genes in the 
genotype. Beadle (1932, 1937) has found that the recessive gene sticky (st) in maize, located in 
chromosome 4, induces in homozygous plants chromosome stickiness at meiosis and mitosis. This 
results in chromosome aberrations in all tissues which lead to streaks of altered phenotype in leaves, 
stocks, inflorescences and endosperm. A radiation-induced recessive sticky gene in durum wheat 
behaves in a rather similar way (Martini and Bozzini, 1965); chromosomal changes are also known 
to occur under the action of the gene for long chromosomes in Matthiola incana var. Snowflake (Philip 
and Huskins, 1931) and in barley var. Mars (Burnham, 1946). 

Other genes, called mutator genes, are known to control the spontaneous mutation rate. 
Demerec (1937) has shown that in the Florida stock of Drosophila melanogaster a recessive factor 
in the second chromosome was responsible for a very high rate of sex-linked recessive lethals. 
Similar mutator genes have also been analysed in Drosophila melanogaster, D. persinilis and in 
bacteria (cf. Wagner and Mitchel, 1964). But, perhaps the most interesting cases of genetic control 
of gene action have come from the investigations on maize. Rhoades (1941, 1945) has discovered 
that a gene of the A, series of alleles in maize, the gene a, located in the third chromosome and 
normally very stable, can be caused to change at a high rate to other alleles in the series. When a, 
is present in homozygous no anthocyanin is formed in the aleurone layer of the endosperm or in the 
plant. However, in the presence of the dominant gene Dt in the ninth chromosome it acquires the 
characteristics of other alleles in the Ai series, which are dominant to a, and allow the production of 
anthocyanin; moreover, a clear dosage effect of Dt on the frequency of changes of a j operates. The 
significance of factors such as Dt, devoid of phenotypic effect but able to control the action of 
other genes, has been greatly expanded by McClintock's (1951b, 1956, 1967) work on the so-called 
controlling elements in maize. These are elements associated with chromosomes, but without a 
fixed position: they may move from one part to another of the same chromosome or from one 
chromosome to another. Controlling elements act as moderators of gene action. Thus, when the a, 
controlling element is inserted at or near the locus of a particular gene, it may act as a modifier of 
the gene's action. Extensively studied controlling elements include Dissociation-Activator 
(McClintock, 1951b), Suppressor-Mutator (McClintock, 1956), Modulator (Brink and Nilan, 1952), 
Enhancer and Inhibitor (Peterson, 1960). Another interesting phenomenon of genotypic control of 
mutation in maize is paramutation of the R locus, a directed heritable change, which occurs 
invariably in certain heterozygotes, producing metastable alleles (Brink, 1958, 1960). Thus, when 
the R allele R r is present in heterozygotes with the stippled allele R^, or the marbled allele R m b , 
the R r bearing gametes from these two types of heterozygous plants always carry an R r with an 
altered expression. In fact, ordinary R r determines self-coloured aleurone when present in two or 
three doses and dark-mottled aleurone when present once, while R r extracted from the heterozygotes 
indicated produces only a very weak pigmentation in the caryopsis. This condition is stable and 
inherited, indicating that R r is in some way changed when in the presence of R^ or R m b . 

An interesting case of paramutation, previously called "somatic conversion" by Hagemann 
(1958), has been extensively studied in tomato (Hagemann, 1969; Hagemann and Snoad, 1971). 
Paramutation occurs at the sulfurea (sulf) locus. The wild type allele sulf* is stable in the homozygous 
condition (green leaves), but in the vegetative cells of sulf * sulf heterozygotes sulf+ is heritably chan-
ged with a definite'frequency to mutant sulf alleles of the groups sulfpura (pure yellow leaves) or 
sulfvag (yellow-green speckled leaves). The sulf locus has been localized in the transition region 
between the heterochromatic and the euchromatic part of the long arm or even within the hetero-
chromatic part of chromosome 2. On the basis of this finding, Hagemann and Snoad (1971) suggest 
that the paramutation of the sulf* allele to a sulf mutant allele is the result of the heterochromati-
nization — and consequently functional inhibition — of sulf*, the inhibition being either total 
(sulfP"ra) or partial (sulfvag). 
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4.2. PHYSIOLOGICAL CONDITIONS 

In a search for internal factors possibly responsible for spontaneous mutations, it has been 
found in Drosophila that sex (Auerbach, 1941) and age (Muller, 1946) influence the spontaneous 
mutation rate. Dependence on age of mutations is also known for several other organisms (D'Amato, 
1964). 

In higher plants the cytological and genetic aspects of ageing in seeds have been extensively 
studied since De Vries' discovery in 1901 that ageing of seeds in Oenothera strongly increases the 
spontaneous mutation rate (reviews in D'Amato and Hoffmann-Ostenhof, 1956; Biasutti-Owen, 
1956; Sax, 1962). The lifespan of seeds varies greatly between species showing all specific variations 
between the two extremes of one week (willows) to nearly one thousand years (lotus). For several 
species with seeds of short or medium lifespans stored under an uncontrolled environment seed 
germinability generally decreases gradually with time down to a point where it declines dramatically, 
eventually ending in seed death. Nawashin (1933) has been the first to show in Crepis that (1) 
parallel with a decrease in germinability with increasing age of seeds there is a progressive increase in 
both chromosomal aberration and mutation, frequencies, and (2) the mutation rate does not increase 
arithmetically year after year but rises much more rapidly in later years. Apart from one or two 
exceptions, a similar situation has been found in a great variety of species. As pointed out by 
Nawashin, the lack of a linear relation between time and frequency of mutations excludes the effect 
of natural radiation or other continuously acting factors and points to the importance of seed 
metabolism in the process. Since environment influences metabolism, application of the best 
conditions for seed storage has been found to reduce, but not to eliminate, occurrence and accumu-
lation with time of mutations in seeds. This clearly shows that the seed is a biological system subject 
to ageing (D'Amato, 1964). Although it is apparent that occurrence and accumulation of mutations 
in ageing seeds is the result, rather than the cause, of seed deterioration, seed age is an important 
factor of sensitivity to mutagens (cf. Gustafsson, 1937; Nilan and Gunthardt, 1956; Sax and Sax, 
1964; Fuji and Matsumura, 1964). As to the origin of mutations in ageing seeds, various evidence 
indicates that they are the result of a chemical action by metabolites and/or waste products that 
have accumulated in the seed during ageing. A discussion of the several possibilities of how either 
mutagenic substances may newly arise in cells or the concentration of mutagens already present in 
the cells may increase during metabolism can be found in D'Amato and Hoffmann-Ostenhof (1956). 

4.3. ENVIRONMENTAL CAUSES 

4.3.1. Nutrition 

Nutrition is known to influence the spontaneous mutation rate in Drosophila (Olenov, 1939) 
and in many plants. In 1938 Stubbe and Doring showed that in Antirrhinum maius spontaneous 
mutability is increased by sulphur, phosphorus and nitrogen deficiencies. In Tradescantia plants, 
grown in a magnesium or a calcium deficiency, a very high incidence of chromosome breakage 
occurs — up to 17 times the control value in the case of calcium deficiency (Steffensen, 1953, 1955). 
An increased sensitivity to X-radiation has also been ascertained in the microspores of Tradescantia 
plants grown with suboptimal calcium supply (Steffensen, 1956) and in barley seeds low in calcium 
(Nilan and Phillips, 1957). An extensive analysis on the effects of deficiencies of essential elements 
in tomato seeds (Bowen and Cawse, 1962) has shown that radiation sensitivity, as measured by first-
generation effects, is increased by zinc deficiency and, to a lesser extent, by copper, sulphur and 
molybdenum deficiencies. In the second generation differences in mutation spectrum as compared 
with controls occur in the case of manganese and zinc deficiencies; a low yield of mutation is 
obtained from seeds deficient in calcium and magnesium. 
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A striking effect of mineral nutrition has been observed in the flax variety Stormont Cirrus 
(Durrant, 1958, 1959, 1971, 1972). When different combinations of nitrogen, phosphorus and 
potassium were applied to the plants, the large differences in plant size thus obtained were 
transmitted unchanged to the second generation and have remained stable in their inheritance 
for more than 12 generations. A comparison of these stable types, called stable genotrophs 
(L, large and S, small), with the original variety (plastic genotroph, PI ) has shown that (i) L is up 
to six times larger in size than S and has a 16% larger DNA content per nucleus, and (ii) PI is 
intermediate in plant weight and amount of DNA. The changes in the amount of nuclear DNA, 
normally induced at the same time as the plant weight difference, can be partly reversed by growing 
L and S at lower temperature, which narrows the 16% difference to 5% within two generations. On 
the other hand, reversion in plant weight cannot be induced by environmental changes, the L and S 
genotrophs being remarkably stable under different environments. Partial reversion in plant weight 
is, however, obtained by changing the genetic background through outcrossing to some other 
varieties. If the partial reversions observed are true partial reversions, it must be assumed that each 
of these varieties contains a specific factor or factors capable of breaking down, or reversing, the L 
and S induced changes. 

Environmentally induced changes (transmutations) have also been found in Nicotiana rustica 
(Hill and Perkins, 1969). 

4.3.2. Temperature 

In Drosophila evidence has been presented that at temperatures above 15°C increasing the 
temperature at which the fly develops increases the mutation rate (Plough, 1941). Application of 
temperatures outside the normal range to growing organisms is generally not feasible. In higher 
plants, however, dry seeds can be subjected to heat treatments, thereby inducing chromosomal 
aberrations and mutations. The mutagenic effect in the heat treatments is so low as to be useless 
for mutation experiments (cf. Caldecott and Smith, 1952b). 

Of greater interest for the problem of naturally occurring mutations seems to be the action of 
abnormal temperatures, which may happen to operate in particular environments. Thus, Bruhin 
(1950) has found that in Alpine populations of Crepis capillaris there occurs an increase in 
spontaneous mutation rate with increasing altitude, reaching its maximum at the limit of vegetation. 
Bruhin has observed that the akenes, which mature in summer and germinate the following spring, 
are subjected at the soil surface to strong insolation (more than 50°C). These extreme temperature 
conditions are regarded as responsible for the increased mutability on the basis of experimental 
evidence (Bruhin, 1951). 

4.3.3. Naturally occurring radiations 

After Muller's (1927) fundamental discovery of the mutagenic effect of radiation, it was 
thought that natural radiation may be responsible for spontaneous mutation. But by 1930 Muller 
and Mott-Smith had calculated that in Drosophila considerably less than a thousandth of the natural 
mutations can be of this origin. Giles (1940) has also shown natural radiation exposure to be about 
1800 times less than that required for the production of the spontaneous chromosome aberrations 
occurring in the pollen grains of Tradescantia. Still more information on the inadequacy of natural 
radiation to account quantitatively for the observed rates of spontaneous mutations is available in 
the literature (Muller, 1954b). It cannot, however, be excluded that mutations may occur at 
increased rate in organisms living in areas with a markedly increased natural radiation such as exists 
in India, Brazil and other countries (Dubinin, 1964). 

Experiments of Mericle and Mericle (1965) have demonstrated that a two-week exposure of 
Tradescantia to 0.25 mR/h increases the somatic mutation rate 4 - 5 times over the spontaneous rate. 
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4.3.4. Naturally occurring mutagens 

D'Amato and Hoffmann-Ostenhof (1956) have presented an extensive list of mutagenic 
substances occurring in plants and have discussed their metabolic fate. In addition to metabolites 
of unknown composition that have proved to be mutagenic, the following naturally occurring 
mutagens may be listed: sulphur-containing substances, amines, amino acids, amides, nitrogen-free 
acids, aldehydes, alkaloids, phenols, quinones, tropolones, coumarins, degradation products of 
nucleic acids. 

The implications of the widespread occurrence of mutagens among plant products is extremely 
important in any discussion on the evolution of higher plants (D'Amato and Hoffmann-Ostenhof, 
1956). With the widespread application of chemicals in present-day civilization the genetic hazards 
of chemical mutagens may tend to increase. From the viewpoint of the plant breeder, attention is 
to be centred on the possible mutagenic action of compounds used in modern agriculture. 
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5. MUTAGEN EFFECTS 
IN THE FIRST GENERATION AFTER SEED TREATMENT 

5.1. PLANT INJURY AND LETHALITY 

Physical and chemical mutagens result in three types of effects which are of special interest 
in genetics and plant breeding: 

(1) Physiological damage (primary injury) 
(2) Factor mutations (point mutations, 'gene mutations') 
(3) Chromosome mutations (chromosomal aberrations). 

Factor and chromosome mutations may be transferred from M, to the following generations. 
So-called physiological effects are generally restricted to the M, generation. Factor mutations 
cannot be recorded in M, generation, except when special tester stocks are used or haploid 
gametes are mutated. Chromosome mutations as measured in M t generation are dealt with in 
the next section. Factor and chromosome mutations are well-defined changes of genetic material. 
In contrast, the term 'physiological damage' is more descriptive than pointing to the origin of 
the induced biological change. 

Physiological effects are of very varying nature. They represent injuries that can be deter-
mined cytologically, they can be measured on an organ or consist of a reaction of the whole 
organism. A survey was presented by Sparrow (1961). For practical purposes the most important 
effects are growth retardation and death. 

Physiological damage has probably both chromosomal and extrachromosomal origin. A 
separation of the two causes is usually not possible. However, when a definite mutagenic treatment 
leads to high killing and low mutation frequency, while another results in low lethality and high 
mutation rate, it may eventually be deduced that the second treatment causes relatively less extra-
chromosomal damage than the first. But this inference may not necessarily be conclusive. The 
reason could also be in different types of chromosome mutations, which are induced by the two 
mutagens (cf. Gaul, 1963). 

Whatever the reason for a differential behaviour of physiological damage and heritable changes 
may be, for breeding purposes mutagenic treatments with low physiological effects and strong 
genetic effects are desirable. 

All three effects of mutagens mentioned above depend on dose. The physiological damage 
sets a practical limit to increasing the dose. An end point is reached with 100% lethality. It is for 
that reason that mutagens are required that result in low plant injury but in high genetic effects. 

For a given mutagenic treatment there is a correlation in cereals between M t seedling 
height and survival on the one hand and M, mutation frequency on the other (Gaul, 1959a). 
Therefore, a quantitative determination of M; injury should be a routine procedure in mutation-
breeding experiments. 

Plant injury in the M, generation can be measured quantitatively in various ways: 

(1) Seedling height, determined at a particular stage soon after germination in the laboratory 
(2) Root length, determined soon after germination in the laboratory 
(3) Emergence under field conditions, or germination under laboratory conditions 
(4) Survival under field or laboratory conditions 
(5) Number of spikes (inflorescences) per plant 
(6) Number of florets per spike (inflorescence) 
(7) Number of seeds per spike (inflorescence) 
(8) Fruits and/or seeds per plant. 
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With increasing dose the values obtained for each of these biological criteria decrease. For (5) 
and (6), however, this is often only true when the plants of treatments with different doses have an 
equal spacing on the test plot. If with increasing dose the greater killing is not compensated for by 
spacing the seeds correspondingly closer, then the branching and the number of flowers per plant 
may, in fact, increase. 

Another important type of damage is leaf flecking and chlorophyll deficient chimeras in the 
form of spots and streaks. Some of the tests mentioned above will be discussed in more detail in 
the following section. 

S. 1.1. Seedling height, root length 

A quick and simple method to determine the effect of a mutagenic seed treatment is, in many 
plant species, the measurement of seedling height. Three methods are commonly used: (1) The 
flat method, (2) the Petri-dish method, and (3) the 'growing-rack' method. 

To sow the treated seeds in boxes or pots containing soil or another medium (method 1) is 
the oldest method; it was, for instance, already used extensively by Petry (1921). One of the 
advantages of this method is that it can certainly be used with ease for any species. The use for 
barley has been recently described by Gaul (1963) in some detail. There a mixture is used of seven 
volume parts of vegetable mould and one part of peat. The filling in the container has a depth of 
about 6 cm; the lower 4 cm are of the raw mixture, whereas the upper 2 cm consist of sifted 
material with a moderate size of the individual earth particles. The seeds are sown in rows, 1 cm 
deep, embryo upwards; the distance between the rows is 3 cm. Illumination should be rather 
uniform. A slight etiolation may be of advantage. For this method the seedling height of the 
control should be 16—20 cm, because with long seedlings the effect of different mutagenic treat-
ments emerges more clearly. The mutagen-induced shortening of the germinating plants is 
measured on the first leaf. The measurements are taken when the first leaf has stopped its growth, 
usually after 10 to 14 d. The days before, samples of individual seedlings have to be measured to 
determine whether the first leaf is still growing. A similar test can be performed by sowing the 
mutagen-treated seeds in a sand bed on greenhouse benches. 

The Petri-dish method was practised for barley by Caldecott, Beard and Gardner, (1954) and 
is used in many laboratories. The seeds are sown on blotting paper in Petri dishes and seedling height 
is often determined after 7 d or even earlier. This method has been used particularly for barley, 
wheat, and oats. 

The 'growing-rack' method was developed by Myhill and Konzak and is described by Mikaelsen 
(1966). Also this method was worked out for barley. The seeds are placed between two wet blotters, 
which are supported vertically between slots in PVC racks. The racks are placed in plastic trays. 
Enough water is added to immerse the lower edge of the filter paper. 

With any of the three methods, the plants should be grown in a climatically controlled chamber, 
or if not available, in a uniform section of a greenhouse. Under controlled environmental conditions 
the number of the seeds per treatment should be at least 40 (Mikaelsen, 1966), otherwise several 
hundred are to be preferred. There should be at least three replications per treatment, but five to 
ten result in more precise information. Design and analysis of such experiments may follow the 
randomized method. 

Critical information is limited concerning the relative merit of the three methods. High 
germination ability and a small coefficient of variation of seedling height are required. For any of 
the methods the details are important, such as soil mixture, type of blotters, watering, etc. The 
selection of one of the methods will also depend on the plant species. Methods (2) and (3) were 
mainly developed for seeds of Gramineae. Hull-less seeds of Gramineae may germinate a hundred 
per cent with methods (2) and (3). Seeds with hulls do not always germinate so well, particularly 
if they are of inferior quality. At least under the latter conditions method (1) is superior and results 
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FIG.21. Shortening of the leaf length of seedlings as a result of X-radiation of barley seeds with various doses. 
For the quantitative determination, the length of the first leaf is measured when it has completed its growth. This 
time is represented by the figure (from Gaul, 1963). 
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FIG.22. Model curve illustrating the effect of increasing dose on physiological damage. 

in a lower variability among the seedlings. But it is somewhat more laborious and requires more 
space. 

A comparison of treatments within and between experiments may suffer from the fact that 
particular treatments result in a delay of germination. Early measuring of seedling height, e.g. after 
5 to 7 d, may have advantages because it leads to rapid results. However, it is not possible to 
distinguish between delayed germination and seedling-height reduction. The risk of biassed results 
may be avoided by taking the measurements only when the first leaf has stopped growth. 
Methods (2) and (3) do not allow for late measuring in plants like barley, wheat, oats and rice, 
because the seedlings lodge. With method (1) long seedlings can be measured accurately. 
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FIG.23. Relation between survival rate and mean length of the first leaf after X-ray treatment of barley seeds with 
various doses in six experiments (after Gaul, 1959a). 

Another advantage of method (1) is that its results are more comparable to field planting. 
The uptake of water with methods (2) and (3) is much faster than in soil under field conditions. 
This is of particular importance for the development of 'after-effects ' in seeds treated with muta-
genic chemicals. y 

As mentioned above, another rapid method of determining the effect of mutagenic seed 
treatment is to measure root length. Again, this method is old and was already used by Koernicke 
(1904). A modern procedure for Arabidopsis is described by Miiller (1966) and may be used 
similarly for crop plants. 

For both tests, seedling height and root length, a statistic of the mean values obtained from 
the various mutagenic treatments is of interest. Figure 21 shows a typical example of the dependence 
of the height of germinating barley plants on X-ray dose. From the picture a sigmoid curve for the 
mean values of plant height can be inferred. That curve, as inferred from Fig. 21, would be even 
smoother at the start, if the missing 5 kR treatment was included. Sigmoid curves for means of 
seedling height or root length are characteristic of the response to dose of any physical or chemical 
mutagen and any plant (Fig. 22). The actual course, however, varies considerably with different 
mutagenic treatments and plants used. 

Besides the means, the induced variance of seedling height and root length is of interest. It has 
been known for several years that, for instance, neutrons produce less variability among individual 
seedlings than do sparsely ionizing radiations like X-rays (Caldecott, Frolik and Morris, 1952). The 
larger variability after treatment with X or 7-rays is apparently the result of modifying factors and 
can be largely eliminated by post-irradiation soaking in oxygenated water. 

5.1.2. Survival 

'Surviving plants' are usually counted at the time of harvest of the M, generation. In many 
plant species survivors may be defined as those plants that produce at least one spike (inflorescence), 
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regardless of whether seeds are produced (Gaul, 1963). The dose-effect curve of survivors has a 
sigmoid shape similar to that of seedling height and root length (Fig. 22). 

Even heavy doses of ionizing radiation, which cause 100% lethality when counted at the time of 
harvest, may have little effect upon the onset of germination. Actual plant death might occur at any 
time between onset of germination and ripening; however, there are critical phases during plant 
development at which lethal effects are more prominent (Micke and Wohrmann, 1960). Therefore, 
when reporting lethality rates or survival percentages it is necessary to mention the time and stage of 
plant development at which counts were taken. Survival rates obtained under laboratory conditions 
may differ considerable from those observed under field conditions, due to environmental stress at 
critical phases of plant development. 

5.1.3. Prediction of dose effect 

In most of the mutation experiments one is interested to know the lethality produced by a 
definite dose before the mutagenic treatment is conducted. Because radiation sensitivity depends on 
many factors, it is difficult to predict a dose effect, e.g. 90% lethality. For X-irradiated barley seeds 
the use of an early test was proposed to determine the dose effect (Gaul, 1959a, 1963). This test 
derives from the fact that a correlation was found between seedling height and survival. Figure 23 
shows this correlation. It is based on six experiments carried out independently between 1953 and 
1959. 

In spring barley this correlation permits, within practical limits, the prediction of the lethality 
produced by a definite dose. Before the main treatment, a preliminary trial, or early test, can be 
conducted in which the effect of a series of different doses on the reduction of seedling height is 
determined. The desired dose can then be chosen accordingly. It is, of course, important that the 
treatment conditions of the pilot experiment and the main experiment are the same. 

It has been observed that the correlation found with barley (Fig. 23) is also valid, at least for 
some grasses like Festuca pratensis, Lolium perenne and L. multiflorum, within practical limits 
(Gaul, 1963). Unfavourable soil and climatic conditions may reduce the survival values, particularly 
with drill-sowing in these plants as well as in barley. For over-wintering grain species, like winter 
barley and winter wheat, predictions of survival are much more difficult. Soil conditions, germination 
and especially the starting date and course of the winter climate play a decisive role. These factors 
can lead to a very great variability of the survival rate. Usually the lethality is greater than would be 
expected from the correlation with spring barley. So far there is no satisfactory solution to this 
problem. 

The course of the curve, as shown in Fig. 23, will be different with different mutagens and plant 
species, particularly with dicotyledons, as compared with monocotyledons. A curve obtained from 
EMS-treatment of barley seeds is depicted in Gaul (1963). From radiation experiments in a large 
number of species Osborne and Lunden (1961) have devised a graph which allows one to estimate 
survival from seedling height data. Another method is to wait in the pre-experiment (method 1) 
for about four weeks and to make at that time an account of the number of surviving plants 
(Freisleben and Lein, 1943a). Although this method takes more time, it will give a hint in any 
species as to the expected survival rate under field conditions. 

5.2. CYTOLOGICAL EFFECTS 

Some mutagenic treatment effects can also be cytologically observed. A general survey of 
cellular changes has been presented by Sparrow (1961). 

Well-defined changes are chromosome mutations. They can be recorded in mitosis and meiosis. 
The types of induced chromosome mutations, their mitotic and meiotic behaviour, and their genetic 
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FIG. 24. First cell division in shoot tips after X-radiation of barley seeds, (a)-(c): metaphase with many 
chromosome fragments, (d): early anaphase with two double bridges and fragments, (e) and I f ) : mid-anaphase 
with two double bridges and fragments. In ( f ) the right double bridge is already broken, (g): telophase with 
one double bridge (from Gaul, 1964). 

consequences are dealt with in a number of reviews (e.g. Catcheside, 1945; Darlington and La Cour, 
1945; Evans, 1962; Gustafsson and von Wettstein, 1958; Sparrow, 1961; and Swanson, 1957). 

5.2.1. Mitotic aberrations 

After treatment of seeds, the analysis of the first mitotic cycle in shoot or root cells offers a 
quick test to determine the effect of the mutagen. This test is more laborious than measuring the 
seedling height. However, it adds necessary information and should be at least applied whenever a 
new mutagenic treatment is introduced, the cytological effects of which are not yet known, or not 
yet well understood. 
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FIG.25. Meiosis in Mi spikes after X-ray treatment of barley seeds, (a): late diplontene with five bivalents and 
one translocation ring of four chromosomes, (b) and (c): metaphase I with five ring bivalents and one quadrivalent. 
The U-shaped quadrivalent in (c) occurred in part in other cells as a closed ring, (d): middle diplotene with six 
bivalents and two pseudo-isochromosomes. (e): metaphase with five ring bivalents, one rod bivalent and two 
pseudo-isochromosomes. I f ) : four ring bivalents, one translocation ring with five chromosomes and one pseudo-
isochromosome (from Gaul, 1964). 

As has been mentioned before, mutagens may delay the germination of treated seeds. They 
also may delay the onset of cell divisions and slow down the mitotic cycle. This has to be considered 
when root or shoot tips are to be fixed for cytological examination. In barley the nuclear divisions 
start in the root; they follow somewhat later in the coleoptile, leaves and growing point of the shoot 
(Wertz, 1940). 

As is well known, individual seeds germinate at different rates. This variability can be 
considered in two ways. (1) A limited number of seeds, e.g. 40 per treatment, is sown. All germi-
nated seeds are cytologically investigated. Shoots or roots of treatments that result in a delay of 
germination are fixed correspondingly later. (2) A large number of seeds, e.g. several hundred, is 
sown. A sample of seeds is investigated. In this case, the length of all the fixed shoots or roots 
should be equal. Fixing should be done at the time when a maximum number of the shoots or 
roots has reached the desired length. The reason for this requirement is that early and late germi-
nators, despite equal shoot or root length at fixing, differ in their content of chromosome mutations. 

There is considerable variability in the chromosome-mutation rate between the shoots (or roots) 
of different seeds. To be able to determine differences between different treatments, a sufficiently 
large number of shoot or root tips must be fixed. It is better to count out a limited number of 
cells, e.g. 20, from a large number of shoots or root tips than to consider all the possible cells from 
a small number of fixations. One must, however, be sure that the selected cells form a representative 
sample. 

Results of different mutagenic treatments can only be compared if the first mitotic cycle after 
seed germination is investigated. As a result of diplontic selection, the frequency of aberrant cells 
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FIG.26. Meiosis in Mt spikes after X-ray treatment of barley seeds, (a): metaphase with five ring bivalents, one 
translocation ring of three chromosomes and one pseudo-isochromosome. (b): Metaphase I with two ring bivalents, 
one rod bivalent and two translocation rings each of four chromosomes, fc), (d), (e): different types of four-
chromosome unions as a result of reciprocal translocations (metaphase I), ( f j and (g): Different types of 
five-chromosome unions (metaphase I), (h), (i), (j): Early anaphase with quadrivalent segregation, (h) and (i): 
2:2 distribution fo the chromosomes, (j) 3:1 distribution of the chromosomes (from Gaul, 1964). 

decreases in the second, third, etc. mitotic cycle (cf. Sax, 1941). Following X-irradiation of barley 
seeds, roots that were fixed at a length of 4 mm had 24.3% aberrant cells, whereas those with 20 mm 
had only 9.3% (Gaul, 1957b). 

Although observations are possible at mitotic metaphase (Fig. 24(a), (b), (c)) in most plant 
species, anaphases are better suited for quantitatively recording chromosome mutations. Most 
information is available from barley seeds and the results obtained will be taken as an example in the 
following. In anaphases two types of cytological aberrations can be determined: bridges and frag-
ments (Fig. 24 (d) — (g)). After ionizing radiation, all or most of the bridges occur as double bridges 
(Caldecott and Smith, 1952a). These paired bridges may lie (1) separate and more or less parallel, 
(2) apparently touching, in which case they frequently lie across each other, or (3) occasionally 
interlocked. Acentric fragments also usually occur, despite the squashing technique, in pairs. The 
size of the fragments ranges from minute dots to rods which appear to be as long as whole 
chromosomes. 

The cause of bridge formation is in the fusing of two centromere-bearing chromosome fragments. 
After the 'effective' chromosome splitting into two chromatids, in the anaphase the dicentric 
chromatids tend to go to opposite poles, and a bridge is formed which breaks sooner or later. It 
has been found that the frequency of these bridges is directly proportional to the dose of both X-rays 
and neutrons (Caldecott, Beard and Gardner, 1954; Gaul, 1963). 

5.2.2. Meiotic aberrations 

When the development of the M, plants has proceeded to meiosis, spikes can be fixed in order 
to determine quantitatively chromosome mutations surviving to this stage. Diakinesis or metaphase I 
are usually the best to investigate. The only type of chromosome mutations that can be readily 
recognized in most plants are translocations. Reciprocal translocations can easily be recognized by 
ring or chain formation in metaphase I. In anaphase I and II of the M[ generation inversion bridges 
may be found. In barley inversions appeared to be rare (see Nilan, 1964). However, Nilan et al. 
(1968) and Nilan (1966b) succeeded later in selecting a large number of inversions by systematic 
screening in the M3 and M4 generation. Most of these inversions resulted in only a relatively low 
frequency of bridges and fragments. 
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The absence of (visible) deficiencies in M[ diakinesis or metaphase I is not surprising, because it 
is expected that all larger deficiencies lead to cell death and are therefore eliminated early from the 
cell population. Small deficiencies which are possibly retained, cannot be recognized at metaphase I. 
Pachytene analysis is, in most plant species, not suitable for detailed observations, i.e. for a quantitative 
record of small deficiencies. 

Figures 25(a) - (0 and 26(a) - (j) show some of the most frequent types of translocations in 
meiosis of barley. Two reciprocal translocations per cell are not rare, neither are rings or chains of 
5 or 6 chromosomes. Occasionally one finds aberration types, which look like isochromosomes. In 
most cases they occur as pairs and are recognizable as small rings (Fig. 25(d) and (e)). More rarely 
they occur single (Figs 25(f) and 26(a)). According to the interpretation of Caldecott and Smith 
(1952a), when they occur in pairs they are pseudoisochromosomes, which owe their origin to a 
reciprocal exchange of opposed arms of homologous chromosomes. Koo's (1959) statistical study 
supports the correctness of this interpretation, as does an investigation by Gaul (1963). 

5.2.3. Comparison of translocation frequency in mitosis and meiosis 

It has been found in barley that the translocation frequency determined in both mitosis and 
meiosis is the same and increases linearly with the radiation dose (Gaul, 1963; cf. Caldecott and 
Smith, 1952a; Caldecott, Beard and Gardner, 1954). In the mitotic studies on shoot tips simple 
translocations are recorded, i.e. those that arise by the fusion of two centric fragments, whereas 
in meiosis reciprocal translocations are recorded. The same or very similar frequency of the two 
translocation types is remarkable. It indicates that the two types are induced about equally often. 
The apparently linear dependence of translocation frequency on dose is surprising. As two-hit 
events are involved, one would expect an exponential increase. The 'simultaneous' occurrence of 
two breaks was explained by assuming that the chromosome breaks in the barley seeds are caused 
by the dense ionization at the end of an electron track (Caldecott, 1955; Caldecott, Beard and 
Gardner, 1954). 

5.2.4. Chemical versus physical mutagens 

Numerous observations indicate different effects of radiation and chemicals on the production 
of chromosome mutations. Most studies were conducted on the roots of Vicia faba and Allium, 
and also on Drosophila. For details and literature references the reader is referred to Auerbach, 
1958, 1961; D'Amato, 1959; Ehrenberg, 1960; Gustafsson, 1960. Although individual mutagens 
may differ in their effects, the results obtained can be summarized as follows. 

While X-ray treatment generally causes a random distribution of breaks over all the chromo-
somes, a 'regional specificity' has been proved for many chemicals. The non-random 'localized' 
distribution of breaks caused by chemical mutagens is due to the fact that (1) definite chromosomes 
of the genome, and (2) definite regions of a chromosome break preferentially. In general, after treat-
ment with chemicals more breaks are found in the heterochromatin of the chromosomes than in the 
euchromatin. 

It is characteristic for most chemical mutagens that they induce more chromosome fragments 
and fewer chromosome recombinations by comparison with ionizing radiation. It was found, for 
instance, that EMS produces in barley seeds at least five times more fragments per bridge than 
X-rays; moreover, many fragments and bridges of chromatid type were found after EMS treatment, 
while they were scarcely found after X-irradiation (Sato and Gaul, 1967). 

Chemical mutagens produce relatively more intrachromosomal than interchromosomal changes. 
Compared with radiation-induced breaks chemical-induced breaks tend to remain latent a longer 
time and to open up later. For the occurrence of recombinations it is necessary that two breaks 
are present simultaneously in one cell. Recombinations cannot occur by potential breaks, which 
open in different cell cycles. 
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Also, it seems to be characteristic for many chemicals to tend to produce very small structural 
changes (minute deficiencies, minute rearrangements) and only seldom large chromosome mutations, 
as frequently occur after ionizing radiation. It seems that some chemical mutagens - possibly a 
larger part of them - produce small duplications particularly frequently. For example, numerous 
duplications were observed in Vicia faba after treatment with nitrogen mustard (Ford, 1948) and in 
Drosophila after treatment with formaldehyde (Slizynska, 1957). 

5.3. STERILITY 

Mutagen-induced reduction of reproductive capacity has various phenomena and various 
sources. The phenomena include: (1) severe stunting or growth inhibition which prevents flowering; 
(2) flowers are formed but lack the necessary reproductive structures; (3) reproductive structures are 
present but pollen is aborted; (4) fertilization occurs but embryos are aborted before maturity; or 
(5) seeds form but fail to germinate properly or die after germination (Sparrow, 1961). Most common 
is the occurrence of non-functional gametes. 

Mutagen-induced sterility may be caused by (1) chromosome mutations, (2) factor mutations, 
(3) cytoplasmatic mutations, and (4) physiological effects. Chromosome mutations are probably 
the major origin of all mutagen-induced sterility. 

As with induced physiological damage, sterility may set a practical limit to increase the dose. 
Following EMS treatment in Arabidopsis, for instance, Muller (1966) recently concluded that the 
achievement of increased mutation frequencies is limited by the increased sterility of the M, plants, 
and not by the increased M, lethality. For breeding purposes mutagenic treatments with low 
sterility effects but with high frequency of vital mutations are usually desired. For special purposes, 
such as the screening for translocations and inversions, one may be interested in using mutagens 
with high sterility effects. 

Even after using only one dose, the degree of M t sterility varies greatly from plant to plant and 
from inflorescence to inflorescence. Some examples of this variation in barley are shown in Fig. 27. 
M, sterility can be recorded quantitatively in terms of pollen abortion or seed setting. For investiga-
tions on pollen abortion common cytological techniques are available. For a record of seed sterility 
various statistics may be used. They include the frequency of completely sterile M, plants, the 
mean number of seeds per fruit and the percentage of florets carrying seeds. In two-rowed barley, 
for instance, the last-mentioned method can be used easily and with great accuracy. A technique 
for determining the mean percentage of seed setting in barley is described in detail by Gaul (1958). 

5.3.1. Radiation-induced sterility 

Although it is generally assumed that chromosome mutations are the main source for sterility, 
translocations are, in most plants, the only type of mutations that can be readily recognized in 
meiosis. 

Evidence has been presented in barley that the cytologically observed translocation frequency 
is insufficient to explain the total extent of sterility. This conclusion derives on the one hand from 
the comparison of meiotic observations with sterility counts on the same material (Gaul, 1957c; 
Gaul, 1963) and, on the other hand, from sterility investigations on a large number of defined 
translocation heterozygotes (Burnham, White and Livers, 1954; Tsuchiya, 1960). Therefore, one 
may assume that the radiation sterility in M! generation is mainly caused by small or 'minute ' 
deficiencies. The proportion of translocations in the total sterility is certainly significant, but 
probably of secondary importance. 

For a quantitative determination of the 'sum' of chromosome mutations that have survived 
the sporophyte generation, sterility counts are therefore better than meiotic investigations, which 
only include a part of the aberrations. Also, cytological investigations of diakinesis or metaphase I 
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FIG.27. Mi spikes of different degrees of fertility. The awns are removed to give a better view. The seed setting 
percentages from left to right are: 100% (- control), 70, 44 and 24% (from Gaul, 1964). 

are much more tedious and can practically never be made on such large samples as the fertility 
counts. The simultaneous use of both methods of evaluation is indispensible when the effect of a 
completely new mutagenic treatment is to be investigated. 

Evidence has been presented that the radiation-induced Mi sterility is partly transferred into 
later generations (Gaul and Mittelstenscheid, 1960). A large part of M, sterility is caused by physio-
logical damage and consequently not transferred to M2. 
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TABLE XVII. FERTILITY CLASSES (SEED SETTING) OF M, SPIKES AND THE 
RELEVANT PERCENTAGE OF MUTATED KERNELS, DETERMINED AS CHLOROPHYLL 
MUTANTS IN THE M2 GENERATION, AFTER X-RAY TREATMENT OF BARLEY SEEDS 
(VARIETY HAISA II) 

Summary from two experiments with numerous treatments. The results refer to 26 587 M[ 
spikes with 3655 M2 mutants (details in Gaul, 1958) (from Gaul, 1964). 

Fertility classes as: 

Seed setting (%) 0 20 40 60 80 < 1 0 0 100 

Mutated seeds (%) 1.1 1.2 1.1 1.1 1.1 1.2 

5.3.2. EMS-induced sterility 

Little is known about the origin of sterility produced by chemical mutagens. Only a part, 
though a large one, of the EMS-induced sterility observed in the M! generation seems to have a 
genetic origin (Gaul et al., 1966; Bender and Gaul, 1966, 1967). The other part may be caused by 
the physiological damage produced by EMS, and possibly also by the hydrolysis products. The 
genetical part of sterility is clearly inherited through subsequent generations. 

Induced sterility in M, and further generations can be haplontic in the sense of Muntzing 
(1930) or have a diplontic nature according to Sato and Gaul (1967). 'Diplontic sterility' 
is conditioned by the genotype of the sporophyte and not in the gamete genotype. From the 
practical point of view of a plant breeder it is important to know that sterile or partially sterile 
plants can segregate from fertile plants in advanced generations. The fertility of some of these 
partially sterile plants could not be improved by selflng (Sato and Gaul, 1967). 

5.3.3. Sterility and mutation frequency 

An interesting question is whether selection of fully fertile Mj spikes (inflorescences) may 
alter the frequency and the spectrum of M2-factor mutations. It has been shown for barley that 
the rate of M2-chlorophyll mutations is independent of the degree of the sterility of the M, spikes 
(Gaul, 1958). This finding is demonstrated in Table XVII, which is based on the exact determination 
of the seed setting of 26 587 M, spikes, from which 3655 mutants segregated in the M2 generation. 
It can be seen that the mutation rate is the same in all the fertility classes; even the fully fertile 
spikes, shown separately in the table, exhibit no reduction. Similar results have recently been found 
by Bekendam (1961) in rice and by Hildering and Van Der Veen (1966) in tomatoes. Not only the 
mutation frequency is independent of the degree of M, sterility but also the spectrum of chlorophyll 
mutations does not indicate any connection with the M,-spike sterility (Gaul, 1958, 1965b). 

According to these results, selection of fertile Mj spikes means elimination of chromosome 
mutations without reducing the rate of factor mutations. Still, the selection requires a certain 
amount of work. 

5.4. CHIMERAS 

In most sexually propagated plants with a short generation cycle, mutation induction for 
plant-breeding purposes is preferably done by seed treatment. For woody plants, like conifers, 
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buds might be treated. In both cases plants will develop which are composed of genetically different 
tissue. Such plants are called 'chimeras'. In seed embryos the different parts of the meristems have 
the potentiality to give rise to a certain part of the mature plant. Following irradition of seeds it is 
therefore expected that the M, plant will carry an induced mutation only in certain parts of the 
shoot, the other parts being normal or differently mutated (see also section 2.4.1). The part 
containing the mutation is frequently referred to as a mutated sector of the plant, but the plant 
may be as well a sectorial as a periclinal or mericlinal type of chimera. In mutation research it is of 
great interest to reveal mutated sectors already in the M, plants. ; 

This would allow a rapid estimation of effectiveness and efficiency of new agents, of new 
conditions of treatment etc., since only the M, generation has to be cultivated. But, to facilitate 
this, an easily recognizable character with an established genetical origin has to be studied. In 
extremely expensive materials a possible method for selection of sectors could be direct 'tagging' of 
the sectors with a system such as 'waxy' (described below). 

Knowledge about the appearance of mutated sectors is also needed to establish efficient 
mutation breeding programmes that will give high frequencies of new mutant lines. M, chimerism 
influences the discoverable mutation frequency by factors such as: 

(1) Limited size of progeny, creating statistical difficulties 
(2) Diplontic selection 
(3) Haplontic selection 
(4) Chimerism within a selfing unit (flower). 

These factors could severely bias the calculations of mutation frequencies, but would similarly 
affect the accuracy of comparisons between different mutagens and doses concerning chimerical 
structure and mutagenic efficiency. Such difficulties can be diminished if only the first generation 
has to be investigated. Studies of the behaviour of the mutated tissue in the first generation are of 
basic interest for mutation research. 

Gelin (1956) and Gaul (1959b) analysed the chimerism by means of translocation studies 
in barley metaphase 1 PMC (pollen mother cells). However, the investigations were complicated 
by the fact that spikes containing more than one or a few spikelets in the proper stage of develop-
ment are rare (cf. Ekberg and Eriksson, 1965). 

In hexaploid wheat some viable mutated characters can be detected already in the first 
generation. Probably those characters represent severe changes that would not survive in diploid 
plants. Plants are found containing normal and speltoid or compactoid ears. The registered ratio 
is rather high. It seems that the mutation ratio estimated in M, would be as reliable as if estimated 
in M2 (MacKey, 1959; Rana and Swaminathan, 1967). 

5.4.1. Leaf spots or leaf streaks as indicators for mutagenic effects 

In the leaves developing first from irradiated seeds some streaks and spots can be observed, 
whose frequency is apparently dose-dependent. This phenomenon has attracted some attention 
since it makes possible an estimation of mutagenic effects, which might be more closely correlated 
to gene mutations than determination of growth reduction or plant lethality (cf. Bruns, 1954; 
Kaplan, 1954; Blixt, Ehrenberg and Gelin, 1960; Blixt et al., 1964, 1965; Zacharias and Ehrenberg, 
1962). 

Although the genetic origin of the leaf spots is not exactly known, some suggestions about 
their nature are available. Kaplan (1954) showed that the number of leaf spots increased exponentially 
with the dose and concluded that chromosomal aberrations were responsible for the induction of the 
spots. This interpretation was supported by the finding of Zacharias and Ehrenberg (1962) that 
X-rays produced leaf spots in proportion to the square of the dose, whereas fast neutrons induced 
spots in proportion to the dose. However, to a great extent leaf spots have been induced by such 
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chemicals as EMS, which probably only rarely induce chromosomal aberrations; this suggests that 
some other mechanism also might take part in the induction of leaf spots. In the first leaves the size 
of the spots is much smaller than in the later formed leaves since different numbers of initial cells are 
responsible for the development of the consecutive different leaves. 

The value of using leaf spots in studies of mutagenic action has been increased since a close 
relationship between leaf spots in M, and chlorophyll mutations in M2 plants was shown by Blixt 
et al. (1964). Some of the chlorophyll mutants registered in M2 could be caused by a mechanism 
similar to the cause of leaf spots and streaks (cf. Moutschen-Dahmen, Moutschen-Dahmen and 
Ehrenberg, 1959). Bruns (1954) found that offspring from white M, sectors in Trifolium pratense 
were white. 

Well-defined genetic characters can also be used for M, studies, as was shown by Stein and 
Steffensen (1959a), Davies and Wall (1960, 1961), Favret (1960a), Natarajan and Marie (1961), 
Smith et al. (1962), Nishiyama, Ichikawa and Amano (1964), Nishiyama, Ikushima and Ichikawa 
(1966), and Smith (1966). 

5.4.2. Estimation of sector size by the aid of waxy mutants 

For studies regarding the size of mutated sectors one may use characters that are revealed in 
the generative organs. Pollen characters, which are determined by the genotypes of the pollen grains 
themselves like the waxy character in barley (cf. Eriksson, 1965), would be especially useful. The 
studies carried out to estimate the size of the mutated sectors in barley spikes will therefore be 
treated as an example. 

o 
0 

• 

FIG.28. A spike containing an extremely small mutated sector comprising a single anther (EMS 0.12%, 
24 h treatmentJ. 
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FIG. 29. A sector with a characteristic striped 
form. The sector comprises six spikelets, but FIG.30. A spike demonstrating the chimerism 
only one anther in each spikelet is mutated. at spikelet level (0.12% EMS, 24 h treatment). 
The low percentage of mutants indicates 
that less than one anther is involved 
(0.25% EMS, 24 h treatment). 

FIG.31. A spike showing 50% mutated anthers, FIG.32. A spike containing only mutated 
all on the same side of the spike (y, 8000 rads). anthers (y, 8000 rads). 

(FIGURES 28-32 show the occurrence of waxy mutants in barley spikes originating from treated seeds. The 
numbers refer to the percentage of waxy pollen grains of individual anthers. In Figs 28—30 the spikes were 
analysed anther by anther, in Figs 31 and 32 only one anther from each spikelet was analysed.) 
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Size of sector in per cent 

FIG.33. The distribution of the mutated sectors on different sizes of the sector. 

Resting barley seeds (water content 5.5-8.1%) of the variety Bonus have been treated with 
5 - 8 krad of 7-rays (dose rate 5 0 0 0 - 5 7 0 0 rad/min) or 0 .12-0 .25% EMS solution (24 h treatment). 
Sowing was performed a few hours following the treatment. The lateral tillers were cut away at 
regular intervals during the growth season. Thus the analysis was confined to the three first deve-
loped spikes of each plant. At pollen maturity the spikes were fixed in 70% alcohol. The screening 
of waxy mutants was carried out anther by anther throughout the spikes. Some information about 
the sector size was also obtained from the studies of the transmission of induced waxy mutants to 
the following generations.. In this last-mentioned type of study one anther from each spikelet was 
examined (cf. Eriksson, G., 1967). In this connection it might be added that the percentage of 
mutants expected in a mutated anther amounts to 50% following the induction of a waxy mutation 
in one of the chromosomes carrying the waxy locus (cf. Eriksson, 1965). 

5.4.3. Size and appearance of sectors 

A collection of sectors of varying appearance will be found in Figs 28—32. From these 
figures it is evident that the size of the mutated sector varies from one single anther to the entire 
spike. The sectors often have a stripe form, as exemplified in Figs 29 and 30. The size of the 
mutated sector might be estimated in different ways. The simplest, which was used in the present 
investigation, is to determine the percentage of anthers containing mutants in individual spikes. 
The distribution of different size classes for different materials is demonstrated in Fig. 33. From 
this figure it is evident that small sectors appear frequently, especially following EMS treatment. 
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It was found that the size of the sectors increased with the dose. For the doses used the mean 
sector size was larger in the 7-treated material than in the EMS-treated material. Those differences 
could mainly be explained by different efficiency in killing of initial cells and different mode of 
mutation induction. Factors that might influence the sector size were discussed in a previous paper 
(Eriksson, 1965). 

The chimerism might be extended to the spikelet level. Such chimerism is illustrated in 
Figs 2 8 - 3 0 . The proportion of chimeric spikelets was higher following EMS treatment than 
following 7-irradiation. This can probably be attributed to the fact that the size of the sector was 
smaller following EMS treatment than following 7-irradiation. 

5.4.4. Influence of chimerism on mutation rate calculations 

In a selfing heterozygous plant not all recessive mutation events are detected, owing to the 
limited number of offspring. It has therefore been suggested that calculations of the mutation rate 
should be based on the frequency of M2 mutants (Gaul, 1960). However, to be reliable this method 
requires that no chimerism occurs within the spikelets (cf. above). Therefore, the M2 method will 
underestimate the real mutation frequency. This underestimation will be greater following EMS 
treatment than in 7-treated material, as chimerism within spikelets is more common following EMS 
treatment than following 7-irradiation. If the effect is great enough to have quantitative significance, 
it must be subject to further discussion. 

5.4.5. Problems of chimerism in diclinous plants such as maize 

Mutants in many self-pollinating plants, e.g. barley and wheat, are readily recovered in 
progenies of individual inflorescences of the M! plants since male and female organs are in the same 
flower (monoclinous plants). Even if the mutation is present only in a small sector, self-pollination 
will happen within that sector and mutant segregation will occur in the M2 segregation. 

In maize, however, small mutant sectors may not involve both the ear (female inflorescence) 
and the tassel (male inflorescence). Pollination is unlikely to occur between male and female 
flowers belonging to the same sector and thus mutant segregation will not occur in the M2 generation. 
The mutations will occur in the heterozygous condition and the M2 material will have to be self-
pollinated and carried into the M3 generation to obtain segregation for the induced mutated characters 
(Singleton, 1965). Briggs (1969) confirmed the usefulness of this procedure. Singleton further 
pointed out (1969) that greater efficiency of the experiment could be achieved if the mutagen-treated 
seeds were planted in an isolated field and allowed to inter-pollinate for one generation before at-
tempting to recover mutants. With this procedure every gamete would have an opportunity to take 
part in fertilization, even if on a small sector of the ear or tassel. In this system a generation of 
random mating ( M J is followed by self-pollinating the M2 generation, where every mutation would 
be heterozygous but involve the whole plant and not sectors. In this way mutants can be easily 
recovered. 

Further work on the problem of inducing mutations only in a sector of the maize plant has 
been done by Singleton and co-workers. Another possibility to avoid the chimeric situation after 
mutagen treatments of seeds would be to treat the one-cell proembryo (Chatterjee, Caspar and 
Singleton, 1965). 

5.5. TESTER.STOCKS FOR EARLY DETECTION OF MUTATIONS 

Special tester stocks to detect mutations in plants or seeds of the treated generation are valuable 
experimental materials since the effects of the mutagen can be scored in a reasonably short time after 
treatment. Thus, experiments on methodology of mutagenesis can be carried out in a shorter time 
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and, furthermore, the mutation rate can be determined directly in the M, generation unbiased by a 
number of secondary factors rather than indirectly by using segregating generations. 

Most tester stocks used are heterozygous for pigment-controlling genes and allow the scoring of 
the deficiency on inactivation of the dominant genetic marker. Sparrow and Pond (1956) treated a 
clonal line of Antirrhinum heterozygous for a flower colour gene with gamma rays and observed the 
number and size of induced mutant sectors in petals. Further studies were made on radiation-induced 
mutations in Antirrhinum heterozygous for three flower colour genes (Cuany, Sparrow and Jahn, 
1958; Cuany, Sparrow and Pond, 1958; Shaver and Sparrow, 1962; Sparrow and Cuany, 1959; 
Sparrow et al., 1961). Somatic mutation rates of flower colour genes were also reported by Sparrow 
et al. (1961) in Lilium, Tradescantia and Petunia, Sand, Sparrow and Smith (1960) in Nicotiana, 
Alston and Sparrow (1962) in Impatiens, Shaver and Sparrow (1962) in Tropaelum, Phaseolus and 
Tulipa and Nezu (1962) in Tulipa. Davies and Wall (1960, 1961) used a clone of Trifolium hetero-
zygous for leaf colour to detect somatic mutations. 

To determine the effect of very low doses of radiation Tradescantia is often used since this 
genus is among the most radiation-sensitive plant species known (Sparrow and Gunckel, 1956; 
Sparrow and Singleton, 1953). A diploid (clone 02, Sparrow's designation) variety of Tradescantia 
occidentalis, used to detect somatic mutations was derived from a natural hybrid between a bluish-
purple and a pink-flowered species and it thus heterozygous for flower colour. When somatic 
mutations occur during flower development they appear as individual red cells or as multicellular red 
sectors in otherwise purple petals and stamen hairs. Mericle and Mericle (1965) utilized this system 
to obtain the spontaneous mutation rate at a background radiation level of 0.05 mR/h. When Trades-
cantia plants were exposed for two weeks to a radiation level of 0.25 mR/h, the frequency of mutant 
sectors increased 4—5 fold. 

Diploid Avena heterozygous for an albino gene has been used in research reported by 
Nishiyama et al. (1962), Nishiyama, Ichikawa and Amano(1964) , Nishiyama, Ikushima and 
Ichikawa (1966) and Ichikawa and Nishiyama (1963). In this scoring system a mutant oat called 
'green inconstant ' (2n = 14) is used which segregates for green and albino plants in a ratio of 1:1 
and produces no homozygous green plants. Its genotypic constitution is represented by the 
formula al + + / + Re X. The gene al governs albinism, Re early ripening and X zygotic mortality. 
No recombination has been found among these genes. In this strain many thousands of seeds 
heterozygous for albino are obtained without artificial crossing. In seedlings grown from irradiated 
seeds white stripes occur in leaves 1 and 2, but are usually too small and indistinct to be scored 
accurately. In leaves 3—6 distinct white stripes appear that extent from the base to the apex of the 
leaves. 

Stein and Steffensen (1959a, b), Latterell (1959), Latterell and Steffensen (1962), Natarajan 
and Marie (1961) and Smith et al. (1962, 1964) irradiated maize seeds heterozygous for the yellow-
green plant colour locus ( Yg2/yg2) located near the end of the short arm of chromosome 9. The 
average number of yellow-green sectors per leaf are counted as a measure of the frequency of genetic 
change or damage. Leaves of seedlings grown from Yg2/yg2 kernels are of a normal green colour. 
Breaks in chromosome 9 between the centromere and the Yg2 locus, causing loss of the locus 
(deletion) or of function (mutation) gives a yellowish-green phenotype in the particular cell and its 
derivatives. A tester genotype of particular value is yg2 Csh bz wx/Yg2 C1 Sh Bz Wx. Csh bz wx 
are recessive alleles of endosperm genes. 

Maize geneticists find it beneficial to treat a dominant stock and cross it to a stock that is 
recessive for several genes to enable them to determine mutation frequencies in the M, generation. 
Amano and Smith (1965) have made use of some of the chromosome 9 endosperm marker genes to 
obtain information on the frequency of induced losses of a large chromosomal segment versus a 
small intercalary deletion or possible gene mutation. Stocks of multiple dominant homozygotes 
(C'Sh Wx) were treated and crossed as male or female parent, with a corresponding multiple 
recessive endosperm stock (Csh wx; colour, shrunken and waxy, respectively). If the dominant 
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genes are lost (deletion) or undergo a change in function (mutation), the recessive may appear in 
the M, kernel through the phenomenon known as Xenia. 

The endosperm genes ,4, sh2 on chromosome 3 also have been used as linked markers. Laughnan 
(1949, 1952) demonstrated that the A, gene (A b ) is compound and consists of two components 
called alpha and beta that are only 0.27 recombination units from sh2. The two components of Ab 

and the closeness of sh2 have enabled Neuffer and Ficsor (1963) to use this marker system to deter-
mine if point mutations have been produced by a mutagen. Details of the procedure were described 
earlier by Neuffer (1957). The three seedling markers ws3 lg, gl2 also are rather closely linked and 
can be used to mark the short arm of chromosome 2. Further details on the above and other genetic 
markers in maize have been discussed by Briggs (1966a). 
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6. TYPES OF MUTATIONS 

Mutations can be divided into the following main categories: 
1. Genome mutations 
2. Chromosome mutations 

Structural rearrangements 
Gene mutations 

3. Extranuclear mutations. 
Rearrangement of plant tissues of different genetic constitution (chimeras, 'histomutations') 

will be dealt with separately. 

6.1. GENOME MUTATIONS 

Polyploidy implies that one or more complete chromosome sets are added to the diploid 
chromosome number (in the case of triploids 2x + x = 3x, of tetraploids 2x + 2x = 4x, where x 
denotes the basic number). Haploidy (from diploidy) or polyhaploidy (from polyploidy) is the status 
of individuals with half the normal chromosome number (2x -* x, 4x -* 2x). Aneuploidy implies 
that one or more extra chromosomes are added or subtracted from a complete diploid or polyploid 
number (for instance 2x + 1, 2x - 1, 3x + 1, 4x - 1, 4x + 2). 

Polyploidy is common in phanerogamous species. Autopolyploid (autoploid) cells or tissues 
are easily formed after treatment with certain chemicals such as colchicine or nitrous oxide 
(AA -* AAAA), and also after the formation of unreduced gametes within a species (AA -> AAA 
or AAAA). Allopolyploid (alloploid) or amphiploid forms arise after hybridization of different 
species and the formation of unreduced gametes (AA X BB -* AB, AB AABB). 

Spontaneous haploidy occurs infrequently. In grass species haploidy is often found together 
with twin seed formation. In some organisms haploid cells can be produced by chemicals, e.g. 
after treatment with diethyl pyrocarbonate (Natarajan, 1966). Some mutants induced by 
colchicine in Sorghum are considered to be the result of gene mutation and mitotic chromosome 
reduction (a sort of haploidy) followed by diploidization (Ross, 1965). Haploids can be produced 
by the use of aged or irradiated pollen (the haploid egg cells developing without fertilization) or 
by hybridization of distant species. 

Kasha and Kao (1970) have on an average obtained 51.5% haploid seeds induced following 
crosses between diploid Hordeum vulgare and diploid Hordeum bulbosum. As the haploid seeds 
showed signs of abortion after 10 days of growth, embryo culture techniques were used to obtain 
the haploid plants. Recently additional methods have been developed to raise haploid plants in 
large numbers. The haploids are obtained from immature pollen grains when excised anthers are 
grown aseptically; diploid plants are then produced by colchicine treatment or by callus cultures 
(Nitsch, 1972). The significance of haploids in plant breeding has recently been stressed by 
Melchers (1972). Complete homozygotes may be directly formed by doubling the haploid number. 
The homozygous lines, thus produced, could be crossed to obtain heterozygous hybrids which are 
expected to show heterosis. 

Aneuploidy appears in many ways: after irradiation of meiosis, in the offspring of trans-
location and inversion heterozygotes, in crossings with triploids etc. Aneuploids are generally 
unbalanced and have decreased viability and fertility. 

Diploid species are usually more affected in this respect than polyploid species. The use-
fulness of aneuploids in cytogenetic studies and in plant breeding is well known (see Sears, 1956a; 
Bumham, 1962; Rick and Khush, 1966, and lit. cit.) As regards the trisomies, three types were 
originally established in Datura (Belling and Blakeslee, 1924): (1) primary trisomies in which 
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the extra chromosome is an unchanged chromosome of the normal chromosome set; (2) 
secondary trisomies in which the extra chromosome is an isochromosome; and (3) tertiary 
trisomies in which the extra chromosome is a translocation. Furthermore, telotrisomics in which 
an arm of one chromosome is triplicated have been widely used in linkage studies, for instance in 
maize (Rhoades, 1936), wheat (e.g. Sears, 1966), barley (e.g. Tsuchiya, 1972a), cotton (e.g. 
Endrizzi and Kohel, 1966) and tomato (Khush and Rick, 1968). 

In plant breeding the first commercial hybrid barley was produced by means of the balanced 
tertiary trisomic (BTT) technique (Wiebe and Ramage, 1970). According to Wiebe (1969), this 
technique is based on the existance of "(a) a genetic male sterility gene; (b) and extra interchanged 
chromosome to create a required linkage which is not transmitted through the pollen; and (c) a 
gene-controlled character permitting differential sorting of desired and/or undesired genotypes." 

A special type ofaneuploidy, called disploidy, is encountered when a new basic chromosome 
number is formed. In barley, for instance, a break in the centromere region gives rise to an extra 
chromosome, when both chromosome arms behave like separate chromosomes,thus increasing the 
basic number from 7 to 8 (Hagberg and Hagberg, 1968). Disploidy is common in many plant 
genera with different basic numbers. 

6.2. CHROMOSOME MUTATIONS: CHANGES IN CHROMOSOMES, GENERALLY 
WITHOUT ALTERATION OF CHROMOSOME NUMBER 

6.2.1. Structural rearrangements of the chromosomes 

Changes in the linear order of genes detectable cytologically or after special genetic procedures 
are commonly associated with chromosome breakage. They can be divided into four groups: trans-
locations, inversions, duplications, and deficiencies. 

6.2.1.1. Translocations 

A translocation is formed when breaks occur in two chromosomes simultaneously in a nucleus 
and the broken chromosomes rejoin in a new manner (Fig. 34). Chromosome breakage and exchange 
are easily induced by means of ionizing radiations and radiomimetic chemicals. They also occur 
spontaneously. 

Translocations are of two main types: intrachromosomal or interchromosomal. In intra-
chromosomal translocations a transposition or shift of an interstitial segment within an arm or 
from one arm to the opposite has occurred. The interchromosomal translocations are of three 
kinds: simple, where only one exchange is realized and one part of a chromosome (a fragment) 
is lost (Fig. 34 :1); reciprocal, in which a mutual exchange of segments between non-homologues 
takes place (Fig. 34 : II); and transpositions (shifts), in which an interstitial segment is removed 
and reinserted into a non-homologous chromosome (Fig. 34 : III). 

The exact origin of chromosome exchanges is not entirely understood. According to the 
so-called breakage-first hypothesis (Stadler, 1932; Sax, 1938, 1941; Wolff, 1963, 1966), free 
breaks occur in the chromosomes; the broken ends remain open for some time and are then 
either reunited in the original position or rearranged. Another hypothesis, originally given by 
Serebrovsky (1929), held that chromosomes 'fuse' at one or more points and a partner exchange 
takes place when the chromosomes separate. A similar idea has been advanced by Revell (1959), 
who rejected the customary view that breakage appears as the primary lesion when a rearranged 
chromosome develops. Evans (1966) has formulated the view that radiation does not produce 
direct chromosome breakage at all, and that chromosome exchanges, induced by radiation or 
chemical agents, or occurring spontaneously at mitosis (mitotic crossing-over) or at meiosis 
(meiotic crossing-over), are basically similar events. 
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FIG.34. Formation of translocations. 

Multivalents are often formed during meiosis of translocation heterozygotes. In the case 
of one reciprocal exchange, one quadrivalent appears; in the case of several translocations, one 
or more multivalents, often of higher order, occur. Translocation heterozygotes often give rise 
to unbalanced gametes, leading to male and female sterility due to the formation of chromatids 
with duplications and deficiencies. As a result of irregular pairing and separation aneuploid plants 
may arise. 

Spontaneous translocations have been found in numerous animal and plant species. Genera 
like Datura, Oenothera, Godetia, Rhoeo, Paeonia and Pisum have been carefully studied in this 
respect. Radiation-induced translocations have been used to determine gene linkage and gene 
order in individual chromosomes. 

Sears (1956b) was the first to use induced alien translocations to transfer leaf-rust resistance 
from an Aegilops umbellulata chromosome to a wheat chromosome. Similar methods have since 
then been used by several authors to transfer disease resistance to wheat (see Knott , 1971, and 
lit. cit.) 

Radiations and chemical agents often break and rearrange the chromosomes differently. 
Homozygous translocations in diploid species are rarely associated with pronounced changes 

in morphology or viability (Nybom, 1954, 1956; Gustafsson, Lundqvist and Ekberg, 1966). 
Drastic rearrangements of the barley karyotype (Hagberg and Akerberg, 1962) have shown high 
productivity with only minor phenotypical alterations. In fact, the induction of homozygous 
translocations seems to be a good method of isolating 'micromutations' having high productivity. 

6.2.1.2. Inversions 

Inversions arise as a result of two simultaneous breaks in one chromosome, a 180° rotation 
of the segment in between and a subsequent reunion at the breakpoints (Fig. 35). Inversions are 
paracentric, if the centromere lies outside the segment (Fig. 35: II); or pericentric, if it lies in the 
inverted segment (Fig. 35 :1). Pericentric inversions often give rise to quite new karyotypes. The 
paracentric heterozygotes usually form reverse loop pairing at the prophase of meiosis. As a 
result of crossing-over within the loop, dicentric bridges and acentric fragments might appear at 
anaphase I, leading to the formation of aberrant gametes. Paracentrics are further characterized 
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by a reduced recombination frequency due to abortion of crossover chromatids and imperfect 
pairing of homologues. In pericentric heterozygotes crossing-over within the inversion gives rise 
to monocentric duplication-deficiency chromatids, which cause gamete abortion. A reduced 
recombination frequency is expected. The pericentric heterozygotes cause both pollen and seed 
abortion. The paracentric heterozygotes give rise to pollen abortion (in maize seed abortion is low 
or absent), or to both pollen and seed abortion (barley). Small inversions may be difficult to 
detect since meiosis is in such cases nearly normal and therefore aberrant gametes are not formed. 

Inversions occur spontaneously (McClintock, 1933; Miintzing, 1934) and have been induced 
and isolated by using radiations and chemical mutagens. Homozygous inversions scarcely influence 
the phenotypical appearance. Those tested in yield trials perform well. In general, seed sterility in 
inversion heterozygotes is less than in translocation heterozygotes. Translocations and inversions 
have greatly contributed to species differentiation in nature. 

6.2.1.3. Duplications 

The evolutionary significance of duplications is probably no less than that of the two mutation 
types mentioned above. Duplication presents a means of increasing gene number within the diploid 
state. A differentiation of duplicated genes may then take place. Duplication within a locus has 
been described (Rasmuson, 1962). 

Duplications arise in several ways: by chromosome breaks with the subsequent transposition 
of a segment (Fig. 36); by aberrations in the crossing-over mechanism at meiosis (unequal crossing-
over) or by recombination of chromosomes in the case of translocation; or as a consequence of 
the bridge-breakage-fusion cycle in inversion heterozygotes and as a consequence of mutagen 
treatment. Drosophila workers have long ago established that duplicated genes and segments 
differ in their effects on morphology, fertility and viability. These effects are to a large extent 
locus-specific. In general, there is a certain proportionality between the decrease in viability and 
the length of the duplicated segment. Some duplications directly increase viability (see Gustafsson 
and von Wettstein, 1958). 

Different types of duplication exist: (a) Chromosome material is transferred between 
homologous chromosomes (Fig. 36 :1), the duplicated segments lying in different parts of a 
chromosome or close to one another. In both instances they may have the same linear gene 
order (tandem repeats) or are inverted (inverse repeats), (b) Chromosome material is transferred 
between non-homologous chromosomes (Fig. 36 : II), the duplicated segments segregating 
independently of one another. 
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FIG. 36. Formation of duplications. 
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FIG. 3 7. Formation of deficiencies. 

Duplications in Drosophila have been studied directly under the microscope as well as 
indirectly by genetical tests. There are many indications that they are common also in crop 
plants: in maize (gene loci A and R: which possibly are tandem repeats, Laughnan, 1949; 
Stadler, 1954; Stadler and Nuffer, 1953; Stadler and Emmerling, 1954; also other genes, 
Rhoades, 1951), cotton (gene loci R and CI, Stephens, 1951), barley (the erectoid genes, Nilsson-
Ehle, 1948, genes controlling resistance to powdery mildew located on chromosome 5, see Nilan 
(1964), Hiura (1960) and Schaller and Briggs (1955), Pisum (several genes, for instance, P and V, 
Lamprecht, 1953). The duplicated genes in Pisum are mostly identical in morphological and 
physiological respects (seven out of ten gene pairs studied), slightly different (two cases) and 
clearly distinguishable (one case; the membrane gene pair P and V). 

Duplicated genes can be induced directly under the action of mutagenic agents. Trans-
locations in polyploids of ten give rise to duplication-deficiency offspring. A procedure has been 
worked out in diploids utilizing translocations for the production of duplicated segments 
(Hagberg, 1965). 

6.2.1.4. Deficiencies 

A deficiency (or a deletion) is the loss of one or more genes (segments) in a chromosome. 
The loss of a chromosome segment can be intercalary (Fig. 37 :1) or terminal (Fig. 37 : II). There 
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are controversial opinions on the origin of terminal deficiencies. Some authors (following Muller, 
1954a,b) consider the end piece of a chromosome, the telomere, to be necessary for survival. Data 
in Drosophila (Demerec and Hoover, 1936) and maize (McClintock, 1942) suggest that deficiencies 
including the tail end of a chromosome may actually arise. 

A deficiency can include variously sized segments of a chromosome: an entire chromosome 
arm in the case of a mis-division of the centromere, a long segment of a chromosome arm (hexaploid 
wheat, MacKey, 1954c), down to single chromomeres of a chromosome (maize, McClintock, 1942) 
or to individual genes (single bands of a salivary gland chromosome in Drosophila, Slizynska, 1938). 
In some cases, no change is detectable under the microscope, although the inhibition of a specific 
gene action indicates the occurrence of a small deficiency. There are data suggesting that part of 
a gene (a 'cistron') may be lost, for instance after unequal crossing-over. 

Depending on the genes involved, as well as on the ploidy level of a species, a deficiency may 
result in lethality, semi-lethality, decrease in viability or no effect in the homozygous condition. 
Consequently, not all deficiencies are lethal or semi-lethal. On the other hand, not all lethals or 
semi-lethals are necessarily deficiencies. 

Hadom (1955) found that in the case of 365 Drosophila lethals, 48% were of the deficiency 
type, 2% involved duplications, and 39% were associated with translocations and inversions. Only 
18% showed no sign of cytological irregularities. No single cytological disturbance was detected 
among fully viable mutations of the white notch region of the Drosophila X-chromosome 
(Demerec, 1941). In the corresponding lethal mutants the majority were either associated with 
deficiencies (68%) or translocations and inversions (25%; with or without simultaneous deficien-
cies). Only in 7% of such mutants were no irregularities observed. 

Lethal factors of various kinds are common in angiosperms, expecially in the heterozygous 
state of cross-fertilizing populations. A conspicuous type of plant lethals comprises the so-called 
chlorophyll or chloroplast mutants (Gustafsson, 1940; Walles, 1967a), which arise after all kinds 
of mutagen treatments, primarily in diploids. Since they are easily detected in the seedling stage, 
they have frequently been used as test mutants. Other lethals lead to profound gamete and zygote 
eliminations (Zea, Arabidopsis, Hordeum). An example may be presented from the Zea work by 
Stadler and Roman (1948), who fertilized aa recessives (lacking in anthocyanin) with X-irradiated 
A pollen. Of 126 analysed cases involving mutations from A to a ('loss of A') 60% of the mutants 
did not reach the flowering stage or did not produce pollen. In 39% of the mutants pollen was 
abortive or subnormal. Only one mutant was isolated having almost normal pollen. Gamete 
eliminations and so-called synthetic lethality (for instance in barley — Hallqvist, 1926) are other 
indications that deficiencies are present in chlorophyll mutations. 

Although deficiencies mostly decrease viability in the homozygous or in the haploid state, 
they frequently have no influence or even increase viability in the heterozygous state. Such is 
the case with several cases of chlorophyll lethals (Gustafsson, 1951). 

6.2.2. Gene mutations: submicroscopic changes within the fine structure of a gene locus (cistron) 

According to prevailing concepts, the genetic information is stored in polynucleotide chains, 
which form the double helical structure of DNA (or RNA in the case of some viruses). The four 
different nucleotides consist of purine (adenine and guanine) or pyrimidine (thymine and cytosine 
or uracil) bases linked together by phosphate groups and sugars (deoxyribose in DNA, ribose in 
RNA). In the protein synthesis a sequence of three nucleotides (a codon or triplet) usually codes 
one particular amino acid. Studies of viruses and phages have shown that certain mutagens (for 
instance, base analogues; acridines; nitrous acid H N 0 2 ; alkylating agents) induce specific changes 
in single base pairs. 

According to the taxonomy of Drake (1970), the mutational lesions can be divided into the 
following categories: 
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(a) Microlesions: base pair substitutions (see Freese, 1959); transitions and transversions 
(single base pair changes); frame shift mutations (insertions or deletions of base pairs); 

(b) Macrolesions: deletions, duplications and rearrangements. 

Microlesions are generally considered to be point mutations, while macrolesions comprise a large 
number of base pairs and may affect two or more cistrons. 

Thus, it can be stated that ' true' gene mutations are induced by various mutagens. As 
regards ionizing radiations it has been demonstrated that they induce macrolesions due to 
chromosome breakage. Probably point mutations may also arise after ionizing radiations, 
although their identification as such or their discrimination from small deficiencies or duplications 
is difficult in higher organisms. Lifschyts and Falk (1969) observed that in Drosophila most of 
the X-ray induced lethals included two or more functional units (cistrons), while the EMS-induced 
lethals mainly comprised one such unit. However, Mailing and De Serres (1967) reported that 
X-rays induced ' true' gene mutations such as base pair transitions and frame shifts in Neurospora. 

The criteria used to define a 'gene' mutation are generally: 

(1) No cytological irregularities are present 
(2) Segregation of the heterozygote is normal; lethality phenomena of extreme kinds do 

not occur 
(3) The mutation is capable of reversion. 

(1) As indicated previously, small deficiencies and duplications, or even small paracentric 
inversions, cannot generally be separated from intra-genic mutations by means of cytological 
disturbances since such do not occur or are rare. 

(2) Gene mutations are often associated with sterility and lethality phenomena (for instance, 
preventing bivalent formation at meiosis). They often cause a pronounced decrease in the productive 
and competitive ability of a homozygous mutant. There is apparently no clear difference between 
the action of large and small deficiencies, or between these and gene mutations. Although the 
segregation of gene mutations often follows a typical monogenic ratio of 3 : 1, there may simul-
taneously appear slight gamete or zygote eliminations, or synthetic lethalities in outcrosses with 
other monogenic mutants. 
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(3) The criterion of back-mutation is not unambiguous either. The classic studies of 
Timofeeff-Ressovsky and co-workers (1935) indicated that several mutations of the white-locus 
in Drosophila may revert to the original type of eye colour, directly or stepwise (Fig. 38). How-
ever, it has seldom been worked out to full evidence whether the reverted allele is identical to 
the original one. This fact has been discussed by Rasmuson (1962), who isolated apparent gene 
mutations, also within a locus, as a consequence of unequal crossing-over (see also Bowman, 1969). 

In Neurospora reversions to an original function may appear. In many cases, they result 
f rom suppressor mutations in non-allelic genes. The problem of back-mutation has been studied 
in barley, where reversions of the suppressor type, as well as true back-mutations to an original 
function, seem to occur (von Wettstein, Gustaffson and Ehrenberg, 1957, unpubl.; Tuleen, 
Caldecott and Snyder, 1968). However, there is also a lack of information here as to whether the 
reverted and the original allele are completely identical (true reversion, Drake, 1970). The 
phenotypic similarity in the case of allelic back-mutation may just imply that a reaction or a 
property lost or changed by mutation has been restored by the formation and action of an allele 
different from the original one within the locus (false reversion, Drake, 1970). 

The occurrence of 'unstable' genes further proves the correctness of this conclusion. There 
often exists a series of gradations from highly stable genes, not mutating in experimentation, via 
normally stable genes, to unstable and highly mutable genes. The series of mutation rates given 
for different gene loci in maize is well-known (Stadler, 1942). In these studies the gene R was 
found to mutate once in 2000 gametes in contrast to Wx, which mutated less than once in a 
million gametes. Alleles of the R-locus also differed significantly in mutability (Stadler, 1948, 
1949). Mutable alleles could be stabilized after outcrossing to special test lines. 

Paramutation (Brink, 1960; Brink, Styles and Axtell, 1968) implies the influence of one 
allele on the type and rate of mutability of another allele of the same locus. Another system in 
maize has been identified by McClintock (1967) in which the action of structural genes is 
regulated by controlling elements of genetic origin located elsewhere in the chromosomal 
complement. 

Conditions are known where stable genes are changed into unstable ones. The condition of 
'dotted aleurone' in maize (the 'gene' Dt in chromosome 9), for example, greatly increases back-
mutation of the gene a in chromosome 3. The rate of reversion is proportional to the dose of Dt. 
Deficiencies of a could not be made to back-mutate. Spontaneous a mutations did not revert by 
X-irradiation, but reverted frequently under the influence of the Dt condition. 

Unstable genes are known to exist in numerous plant genera (Zea, Hordeum, Oryza, 
Antirrhinum, Delphinium, Pharbitis, Lathyrus, Erigeron, etc.). They often show a variable 
mutability depending on the gene environment, the ontogenetic stage, the sex, and the age of 
the organism. Most of the unstable genes mutate from the recessive to the dominant state, 
although this is not always fully stable but may again mutate to the recessive state (for instance, 
variegated and red pericarp in maize — Emerson, 1917). 

The chief conclusion is that whatever the correct interpretation in individual cases, intragenic 
(intra-cistron) mutations do occur and mutability of individual alleles can be greatly influenced 
by internal and external conditions. Ionizing radiations often exert a more radical action on 
chromosome constitution than do several of the chemical mutagens, but are no doubt also capable 
of inducing gene mutations. Different gene loci respond to radiations in a different manner 
(Hagberg, Gustafsson and Ehrenberg, 1958; Lundqvist, von Wettstein-Knowles and von Wettstein, 
1968). 

6.3. EXTRANUCLEAR MUTATION 

Early genetical work in higher plants conclusively showed that there must exist a type of 
heredity related to the cytoplasm, and at least partially independent of the nucleus (Mirabilis, 
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Cirsium, Pelargonium, Oenothera, Antirrhinum, Nicotiana, Epilobium, Humulus, Streptocarpus, 
Lineum and Zea). In later work, inheritance in mosses and yeast was also found in several cases 
to be plasmatically influenced. Numerous data on Lymantria, Drosophila, and Paramaecium 
show plasmatic inheritance to be also a factor in animal inheritance. 

The cytoplasmic type of heredity can be divided into two groups: plasmon and plastidom 
inheritance. Plastidom inheritance is related to the functions and properties of the plastids. 
Mutated plastids are in general transferred from generation to generation, mostly via the egg cells. 
Since plastids (and mitochondria) contain DNA (and RNA), possible mutations in the plastid 
(or mitochondrion) DNA (or RNA) will not be different in principle from those of the nuclear 
genes. The biochemical background of plasmon mutation, on the contrary, is not understood. 
Plasmon mutation has been directly proved to arise in experimentation, for instance male 
sterility in Aquilegia (Kappert, 1943). RNA regularly occurs in several cytoplasm constituents, 
but nothing is known for certain about gene-like constituents or of the mutability of the 
cytoplasm. 

Properties controlled plasmatically comprise male sterility, sexual differentiation, chlorophyll 
formation and also differences in height and vigour (Michaelis, 1954). Some properties, like male 
sterility, are of fundamental importance in crop improvement. A fascinating aspect of plasmatic 
mutation was opened up by findings in maize (Rhoades, 1950). A plasmatic type of male sterility 
was induced by the action of the chlorophyll gene 'iojap'. The male sterility persisted when the 
'iojap' gene was replaced by its wild-type allele. 

Extensive application of cytoplasmic male sterility has been made in many crop species. 
There have been a number of reviews of various aspects of extranuclear inheritance (Caspari 
1948; Bhan, 1964; Jinks, 1964). 

In a review Edwardson (1970) stated that cytoplasmic male sterility has been reported in 
80 species, 25 genera and six families. He also stated, "Locating sites of sterility factors, deter-
mining how they are transmitted, and elucidating mechanisms controlling sterility have received 
less attention than the use of cytoplasmic male sterility to exploit heterosis." Edwardson also 
pointed out that sources of cytoplasmic male steriles may be grouped as (a) intergeneric, (b) 
interspecific, (c) intraspecific, and (d) apparently spontaneous. To these can be added: (e) 
induced. 

Cytoplasmic male-sterile wheat was reported by Wilson and Ross (1962). The use or 
potential use of cytoplasmic male sterility and restorer gene interactions is important for the 
production of hybrid seed, e.g. of onion (Jones and Clarke, 1943), cotton (Meyer, 1971), flax 
(Chittenden, 1927), sugarbeets (Theurer and Ryser, 1969), alfalfa (Davis and Greenblatt, 1967), 
intermediate wheat grass (Schulz — Schaeffer, 1970), petunia (Edwardson and Warmke, 1967), 
and several others. 

In higher plants speculation on the origin of cytoplasmic male sterility and fertility restoring 
genes merits consideration because of their importance to plant breeders. If it is assumed that 
some factors controlling male fertility reside on organelle DNA, then an alteration of organelle 
DNA might give rise to cytoplasmic male sterility. The alteration might be a point mutation or 
an extensive loss of DNA inasmuch as both types of events have been observed in organelle DNA 
of fungi and algae (Harvey, Levings and Wernsman, 1972). 

Ethidium bromide is known to convert respiratory sufficient yeast (grandes) to cytoplasmically 
inherited respiratory deficient mutants (petites) at efficiencies close to 100% (Goldring et al., 1970). 
Ethidium bromide, a phenanthrene dye, is an effective inducer of cytoplasmic petites, as are acridines 
and many other reagents, including antibiotics, dyes, organic chemicals, heavy metal salts (for a 
review see Nagai, Yanagishima and Nagai, 1961). Slonimski, Perrodin and Croft (1968) using 
ethidium bromide could convert a respiratory sufficient culture to more than 99.8% petites. Also 
Wilkie (1970) reported that the petite mutation can be specifically induced with high frequency 
by mutagens such as acriflavine, ethidium bromide and ultra-violet radiation, and by nonmutagenic 
compounds including phenylethyl alcohol, nalidixic acid and some antibiotics. 
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FIG.39. System for easy detection of occurrence of plasmon mutations in Streptocarpus. 

Wilkie (1973) has reported on cytoplasmic genetic systems of eucaryotic cells and an extensive 
review on the general subject of cytoplasmic organelles was given by Preer (1971). Reporting on 
the origin of induced and spontaneous mitochondrial mutants, Birky (1973) postulated on the 
origin and reproduction of mitochondrial mutants in yeast. These articles serve as background 
material on the subject of the induction of cytoplasmic mutants. 

EMS has been amply demonstrated to be a good mutagen of nuclear genes. Hence it might 
be a good cytoplasmic mutagen if the genetic material is similar for both methods of inheritance. 
There are a few reports of the induction of cytoplasmic mutants in plants with EMS. Dulieu 
(1967) used EMS to induce chlorophyll-deficient mutations in Nicotiana that were maternally 
inherited. Lysikov et al. (1970) also reported that cytoplasmic male sterility has been induced 
in maize by chemical and physical mutagens. Research using EMS to induce cytoplasmic male 
sterility in maize has been reported (Briggs, 1971). More recently Petrov and Zheleznova reported 
that streptomycin produces cytoplasmic male sterility (US Patent Application No. 3,594,152). 

Induction of cytoplasmic mutations by means of different mutagens is rather rare so far, 
but the above results together with other data (von Wettstein, 1961; Hagemann and Scholz, 
1962) prove that such properties may be artifically induced. 

Oehlkers (1952; cf Fig. 149, Gustafsson and von Wettstein, 1958) devised a precise system 
by which the occurrence of plasmon mutation could easily be detected (Fig. 39). Oehlkers was, 
however, unsuccessful and concluded that the Streptocarpus plasmon implies a much more stable 
system than the nuclear genes. Repeated analysis of the same material applying different radiations 
as well as chemical mutagens may possibly give further positive results concerning plasmon mutation. 

Procedures used by Briggs (1971) to isolate cytoplasmic sterile plants in maize consists of 
self-pollinating the first generation plants after EMS treatments, (open-pollination could be used 
in isolated fields, Singleton, 1969). In the next generation the self-pollinated material should be 
planted ear-to-row. Sterile plants in these progeny rows should be crossed with the untreated 
inbred parent. The male sterile plants, after being crossed with the untreated inbred parent, are 
also grown in a subsequent generation. If any of this material is sterile, it is again crossed with 
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the untreated inbred parent, and if the progeny are all sterile, the sterility will be due to the 
cytoplasma. 

Material that was sterile after the first self-pollination could be sterile due to a recessive or 
dominant gene or cytoplasmic factor. Plants remaining sterile in the next generation could be 
due to a dominant gene or cytoplasmic factor. Plants sterile and not segregating in the next 
generation would be due to cytoplasmic factors. To date, no cytoplasmic sterile plants have been 
induced by EMS in this work. Treatment procedures and further references to this work can be 
found in previous reports (Briggs, 1969, 1970). 

Failure to detect cytoplasmic male sterility in the EMS-treated material may be due to 
relatively small populations used; also cytoplasmic male sterility may occur at a very low 
frequency, and in maize EMS may not mutate the cytoplasm to male sterility. 

Male sterile plants were detected in progeny of inbred lines that had been treated with EMS 
(Briggs, 1971). However, after crossing these sterile plants with the untreated controls the plants 
became fertile in the subsequent generation. This is indicative that a recessive gene for male 
sterility was causing the sterility. Furthermore, a 'state' of the cytoplasm ('Dauermodifikation') 
may have been induced by the mutagen treatment. Another possibility under investigation (Briggs, 
1973) is that cytoplasmic mutations for sterility were induced but when they were crossed to the 
untreated controls restorer genes were brought in leading to fertility. This assumes that the inbred 
line is segregating for restorer genes. 

To isolate cytoplasmic male sterility in self-pollinated plants the Mi generation should be 
allowed to open-pollinate so that cytoplasmically male sterile sectors in the head can receive pollen. 
Then, if cytoplasmic male sterile mutants are produced, they will segregate in the M2 generation 
on a plant basis. 

Dankov and Karapanova (1973) repeated the previously mentioned experiments of Petrov 
and Zheleznova. No male sterility was detected, which is in basic agreement with Briggs (1973). 
Burnham (1973) used EMS in experiments designed to detect cytoplasmic male sterility by 
carrying material into subsequent generations. He did not detect any such mutants and concluded 
that EMS is not a very effective agent for inducing cytoplasmic mutants. 

With the warning we have been given by the disease susceptibility of Texas male sterile 
cytoplasm to southern leaf blight Helminthosporium maydis, Race T and yellow leaf blight, 
Phyllosticta zeae, it does not seem wise to use only one male sterile cytoplasm in maize to produce 
hybrids. There is also a need to diversify the male sterile cytoplasms of sorghum since currently 
hybrid sorghum is made on only one cytoplasm. Also other crops that are grown in large concen-
trated areas, the cytoplasms as well as the nuclear genotype should be diversified. This is probably 
true whether a male sterile cytoplasm or a normal fertile cytoplasm is used; probably either could 
become susceptible to a disease or diseases. 

In addition to broadening the germ plasm base of cytoplasms, new cytoplasmic male steriles 
may be useful because they increase the probability of finding the most favourable sterile restorer 
interactions. This may be particularly important in wheat where restoration of sterile cytoplasms 
has been a major obstacle to the development of hybrid wheat. Furthermore, new nuclear-cyto-
plasmic interactions may yield or perform better than commonly used cytoplasmic steriles and 
their associated restorer genes. The presence of a male sterile seed parent is essential in producing 
hybrids in self-pollinated crops. In monoecious plants the use of cytoplasmic male sterility makes 
the production of hybrid seed considerably more convenient. 

The mitochondria have been implicated in the disease susceptibility of Texas male sterile 
maize to Helminthosporium maydis. Race T. If the mitochondria are also responsible for the 
heritable component of male sterility, then the known mitochondrial mutagens might be explored. 
These include acridines, dyes, acriflavine, chloroamphenicol, erythromycin, ethidium bromide 
and others. 

Much more research needs to be done to obtain better knowledge of the nature of cytoplasmic 
inheritance and on how to exploit mutagens for the induction of useful changes. 
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6.4. MUTATIONS IN CHARACTERS WITH CONTINUOUS VARIATION 

Descriptive traits in any organism fall into two categories: qualitative and quantitative 
characters. They are distinguishable because they may be defined (a) by having classes with a 
sharply established quality, colour and so on (discontinuous variation), or (b) by the necessity 
to make numerous measurements (of length, weight, volume, etc.) to identify the trait in spite 
of the continuous variation. Indeed, intermediate situations are also found in any organism. 
The possibility of the assignment, on the basis of a given trait, of an individual to a definite 
qualitative class depends on the power of the method, as well as on the level of analysis applied. 
For instance, slight colour differences in Matthiola incana may give the impression of continuous 
variation by eye-observation or by determination of the total amount of pigment (anthocyanins) 
involved, but a discontinuous variation can be clearly demonstrated when an analysis is made at 
the biochemical level, which shows distinct chemical steps controlled by different genes. 

6.4.1. Genetic basis for continuous variation 

Qualitative differences between individuals have disclosed the Mendelian theory of inheritance, 
while the difficulties connected with handling continuous variation have delayed a proper identifi-
cation or definition of the genetic factors responsible for the inheritance of quantitative traits. 

The polygenic theory, given by Mather(1941, 1943, 1954), involved two different genetic 
units for the phenotypic determination of traits in any organism: the 'oligogenes', responsible 
for discontinuous variation, and the 'polygenes', responsible for characters with continuous 
variation. With the progress of studies on the heredity of continuous variability such distinction 
has been recognized as arbitrary. It describes only different phenotypic situations due to the same 
unit of inheritance, the gene (Scossiroli, 1960; Gaul, 1965 b). The use of terms like oligogenes, 
or major genes, and polygenes, or minor genes, seems to be still useful sometimes, but simply from 
a descriptive point of view. They should not imply differences in the genetic units underlying the 
characters described. Furthermore, it is obvious now that a given trait may generally be controlled 
by minor genes but be also subject to major genes (cf. the endosperm protein content in maize). 

Synthesis and discussions on the theory to date about the inheritance of characters with 
continuous variation have been given by Lerner (1958), Scossiroli (1960) and Gaul (1965 b). 
Any quantitative trait is the result of the joint action of many single genes, whose individual 
substitution produces small effects at the phenotypic level, and of the environmental influences. 
Therefore, it becomes clear that any change in the environment produces differences in the 
phenotype of a similar order to changes in the set of genes co-operating to produce a given trait. 
Usually different genes co-operating to determine the same trait are kept together in blocks 
intermingled with genes co-operating to influence other traits. Such polygenic blocks (using 
Mather's terminology) are the result of a natural selection process, but they may be broken by 
recombination. Therefore, one may say that in such blocks genetic variation is stored, which 
represents the potential to face ecological requirements at different locations and in different 
years, to face evolutionary trends, or to provide variability for artificial selection. Wild populations 
have indeed been found to retain a very high amount of variability stored not only for discontinuous 
characters but also for traits showing continuous variation. 

6.4.2. Spontaneous mutability 

It seems obvious that the variability for quantitative traits available in any populations must 
derive from the process of spontaneous mutation. Evidence for spontaneous mutability of the 
genetic factors underlying quantitative characters has been provided. 

Johannsen (1913, p. 650), according to Gaul (1967), may be considered the first to prove 
the existence of spontaneous mutations for quantitative traits, even if de Vries (1901, p. 41), 
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speaking of characters that are of a quantitative nature, quoted "many mutations are smaller 
than differences between extreme variants". 

Baur (1924) and Stubbe (1934) described spontaneous mutations for quantitative characters 
(Kleinmutationen) in Anthirrinum majus; East (1935) found in tobacco an unexpectedly high 
spontaneous increase of genetic variability for many quantitative traits in special stocks obtained 
from diploidization of haploid plants, therefore expected to be genetically highly uniform. 
Sprague, Russell and Penny (1960) reported essentially-the same from maize experiments. In a 
study involving 11 doubled monoploid maize stocks they found the spontaneous mutation rate 
to be 4.5 mutations per attribute per 100 gametes tested. Assuming first that monoploidy may 
have been a causal factor for this high mutation value, studies were repeated with long-time inbred 
lines. The results indicate a spontaneous mutation rate of 2.8 mutations per attribute per 100 
gametes tested. This figure is rather close to that obtained with doubled monoploids and leads 
to the conclusion that long-time inbreds may change considerably and are not such good controls 
in long-term studies as previously thought (Russell, Sprague and Penny, 1963). 

Spontaneous increases of variation for quantitative traits in animals were also reported. 
Castle (1951) estimated the frequency of spontaneous mutation for the hooded character in rats 
as 1 among 7000 modifications. 

In Drosophila several estimates of spontaneous mutations for the genetic factors underlying 
quantitative characters have been reported by different authors (Mather and Wigan, 1942; 
Durrant and Mather, 1954; Clayton and Robertson, 1955; Raxman, 1957). Estimates of 
spontaneous mutability in Drosophila for genes controlling viability have been given by Mukai 
(1964). The amount of newly arisen genetic variation in Drosophila for the number of sterno-
pleural and abdominal hairs and for the size of the wings (length and width) were estimated by 
Scossiroli (1960) after three generations of brother-sister mating in an isogenic strain. 

All such observations may be of interest for the plant breeder when dealing with lines 
expected to be highly homozygous because they indicate a certain instability of the genotype 
caused by high spontaneous mutability (see also Wallace, 1958). 

6.4.3. Induced mutability 

A crop plant can be improved in productivity, resistance to pest, adaptation to environment 
etc. when genetic variability for the specific trait is available in the considered population or species. 
In the process of breeding crop plants genetic variation already present in the populations has been 
used primarily and further genetic variation was made available by crossing plants from different 
populations, varieties, species and genera. In some cases, however, the progress obtainable tends 
to be limited by the variability present in nature so that further progress in breeding becomes 
more difficult (Natarajan, Sikka and Swaminathan, 1958). The possibility offered by mutagenic 
agents to induce new genetic variation is therefore of extreme interest. It might in many cases be 
the only answer to problems posed to the practical breeder. 

A mutation event is indeed very important, even when it has a small effect for a specific 
morphological or physiological character, because it changes the balance established by natural 
selection in co-adapted blocks of genes and it therefore offers new situations for natural or 
artificial selection. 

Evidence on this point has been found by Buzzati-Traverso (1955) on the evolutionary rate 
of X-ray treated Drosophila populations, which were kept in conditions of high competition, i.e. 
under natural selection for adaptation to a particular environment. 

Induced genetic variability proved also to be suitable for artificial selection on specific 
quantitative traits (Scossiroli, 1954; Clayton and Robertson, 1955, 1964; Yamada and Kitagawa, 
1961; Kitagawa, 1967). Concerning plants, evidence has likewise been accumulated on the use 
of mutagenic treatments for making available new genetic variability in quantitative traits. 
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TABLE XVIII. EXAMPLES OF MUTAGENIC TREATMENTS APPLIED TO SEEDS TO 
INDUCE GENETIC VARIABILITY FOR QUANTITATIVE TRAITS 

Mutagenic 
agent 

Species References 

X-rays Sinapis alba Anderson and Olsson (1954) 

Gossypium barbadense Al Didi (1965) 

Arachis hypogaea Gregory (1955, 1956a, 1957) 

Trifolium subterraneum Brock (1965,1966); Brock and Lat ter(1961) 

Lupinus luteus Tedin (1954) 

Glycine soja Rawlings, Hanway and Gardner(1958); 
Humphrey (1954) 

Medicago saliva Scossiroli and Sarti (1966) 

Nicotiana tabacum Smith (1961 a); Wittmer (1960a, b) 

Solanum pimpinellifolium Palenzona (1961) 

Hordeum distichum Moes (1958, 1959) 

Hordeum vulgare Gaul (1961 b); Ehrenberg et al. (1965) 

Triticum monococcum Scossiroli (unpubl.) 

Triticum durum Scossiroli (1962, 1963, 1966a,b); 
Scossiroli and Scossiroli-Pellegrini (1962, 1963) 

Triticum aestivum Bhatia and Swaminathan (1962); Borojevic (1965); 
Scossiroli (1966 a, b); Scossiroli, Palenzona and 
Rusmini(1961); Palenzona (1963, 1964) 

Oryza sativa Oka, Hayashiand Shiojiri (1958); Kao et al. (1960); 
Matsuo and Onozawa (1961) 

Gamma rays Arabidopsis thaliana Daly (1960); Lawrence (1965); Brock(1967) 

Nicotiana tabacum Ando and Vencovsky (1967) 

Zea mays Gardner (1968); Balint and Sutka (1966) 

Sorghum vulgare Barabas (1965) 

Triticum aestivum Goud (1967) 

Beta rays Triticum aestivum Bhatia and Swaminathan (1962) 

Thermal Arabidopsis thaliana Brock (1967) 
neutrons Trifolium subterraneum Brock and Latter (1961); Brock (1965) 

Avena sativa Krull and Frey (1961); Frey(1965) 

Triticum aestivum Borojevic (1965) 

Zea mays Gardner (1969); Lonnquist, Cota and Gardner (1966) 

Oryza sativa Matsuo and Onozawa (1961) 
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TABLE XVIII (cont.) 

Mutagenic 
agent 

Species References 

Fast neutrons Hordeum vulgare 

Triticum aestivurn 

Ehrenberg et al. (1965) 

Goud (1967) 

Chemicals: 
Diepoxybuthane Oryza sativa Matsuo and Onozawa (1961); 

Matsuo and Yamaguchi (1962) 

Bhatia and Van der Veen (1965) Ethyl methane-
sulphonate 

Arabidopsis thaliana 

Ethyleneimine 

Colchicine 

Azide 

Hordeum vulgare 

Triticum aestivum 

Hordeum vulgare 

Sorgum vulgare 

Hordeum vulgare 

Ehrenberg et al. (1965) 

Goud (1967); Gaul and Aastveit (1966) 

Ehrenberg et al. (1965) -

Barabas(1965) 

Nilan, Kleinhofs and Sander (1975) 

Reviews have been given by Scossiroli (1965), Brock (1965), Gaul (1965 b) and others (see The 
Use of Induced Mutations in Plant Breeding, Pergamon Press, Oxford, 1965). An extensive 
account of work performed in durum and bread wheat has been given by Scossiroli (1966 a, b; 
Scossiroli and Scossiroli-Pellegrini, 1962; Scossiroli, Palenzona and Scossiroli-Pellegrini, 1966). 

6.4.4. Mutagens used to induce new variation for quantitative traits 

Ionizing radiation and chemicals have proved to be efficient in inducing new genetic variability 
in plants. Seeds and gametes (pollen grains at different stages) have been treated. Table XVIII 
gives some examples of species whose seeds have been treated with mutagens for induction of 
mutations in traits with continuous variation. 

Mutagenic treatments of gametes with the aim of inducing mutations for quantitative traits 
may have been frequently performed but were probably seldom published. Gamma rays were 
applied by Pate and Duncan (1963) to pollen grains of cotton, and X-rays to maize tassels a few 
days before pollen shedding by Scossiroli (1962) and by Palenzona and Scossiroli (1962). Utra-
violet treatment of maize pollen was used by Gardner (1968) and X-irradiation of maize pollen 
by Bianchi and Giaccetta (1964). 

6.4.5. Methods to detect induced mutations for quantitative traits 

As a consequence of the peculiarity of phenotypic manifestation of quantitative characters, 
the only method available to detect the induction of new variation coming from mutagenic 
treatment is that given by mean and variance comparisons. 

The mean values for quantitative traits in populations obtained from irradiated gametes 
(pollen grains) or embryos (dormant seeds) are in most instances lower in treated than in un-
treated populations. In the most extensive study performed (Scossiroli, 1966 a, b; Scossiroli, 
Palenzona and Scossiroli-Pellegrini, 1966) this effect is shown in the same population for a large 
number of characters. It has been found, however, that the difference between means of treated 
and untreated populations decreases in subsequent generations (Gardner, 1969). The effect of 
radiation on the means has been interpreted as due to detrimental mutations, which are supposed 
to occur more frequently than favourable ones and which are selected against in subsequent 
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generations. The difference in behaviour of different crop plants, which has been sometimes 
observed, has been accounted for by a ploidy effect on the efficiency of selection against gametes 
with unfavourable genes (Bhatia and Swaminathan, 1962). The same argument has been used to 
justify the skewness of the distributions for some traits that are found in populations recovered 
from irradiated material; for other traits, however, no significant deviation from symmetry is 
found. According to Gaul (1965 b), the larger the mutation step of a given character, the lower the 
average vitality of the mutant. The smaller the mutation step, the more often it occurs and the 
higher the probability that mutants with improved vitality appear (such improvements in vitality 
would of course be small). 

The effects on the means and the asymmetries of the distribution should, however, be 
discussed after knowing the relation between different characters and fitness, and the possible 
existence and role of selective forces during reproduction in subsequent generations following 
treatment. Moreover, because differentiated embryos are treated when seeds are irradiated, a 
non-chromosomal effect transferable from the embryo to the Mi and subsequent generations 
with the character of a 'Dauermodifikation' should not be discarded a priori (Scossiroli, 1966 a, b). 

The estimates of phenotypic variability for different morphological or production traits 
are larger in irradiated than in non-irradiated populations. In general, the methods used to 
identify environmental and genetic components of the phenotypic variance are based on the 
estimate of expected variation components obtained in analysis of variance following a hierarchic 
scheme. Details of such methods may be found in the literature (Scossiroli, 1962; Palenzona, 
1965; Scossiroli, Palenzona and Scossiroli-Pellegrini, 1966). Also the analysis of variation using 
the methods devised for diallele crosses (Jinks, 1954; Hayman, 1954, 1958) have been used 
in some instances (Lawrence, 1965). In general, biometrical analyses of variation have shown 
that the increase in phenotypic variation in generations following irradiation, particularly in 
self-pollinated plants, is due mainly to an increase in the genetic component, and it may be 
accounted for by the effects of mutations on the genetic factors influencing quantitative characters. 
From a plant-breeding point of view this is an important effect because larger genetic variation 
means the possibility of larger responses to selection and higher chances for improvement. 

It has been found that the genetic variability increases with the radiation dose, but that the 
relation between increase in variance and dose is not linear. It has also been found that when a 
wider range of doses is used, the intermediate dose induces the largest variation increase and that 
there is a strong decline with the highest doses. The lack of linearity may be due to the elimination 
of mutations through gametic or zygotic selection, which eliminates from the population a large 
number of new genotypes soon after irradiation and thus reduces the potential genetic variability. 

The genetic nature of the increased variation, as well as the role and importance of radiation 
in plant breeding, has been stressed by experiments of selection performed according to the 
classical methods in different crop plants (Borojevic, 1965; Brock and Latter, 1961, 1965 a, b, 
1966; Gardner, 1968; Gaul, 1964, 1965 a, b; Goud, 1967; Oka, Hayashi and Shiojiri, 1958; 
Scossiroli, 1965, 1966 a, b). In some instances the improvements in yield obtained through 
radiation breeding were not obtained by the standard method of plant breeding, that is selection 
following hybridization. It has been demonstrated and clearly stated by several different workers 
that radiation is as efficient as hybridization in supplying genetic variability for selection (Gregory, 
1956 a, b; Pate and Duncan, 1963). Gardner (1969), however, when trying to improve the 
yield of corn by 10 cycles of mass selection in a repeatedly irradiated population, did not 
succeed in obtaining higher yields than from selecting within the control population. 

Estimates of the mutation rate and of the dose-rate relations have been obtained in some 
cases. However, because the number of factors underlying the hereditary determination of a 
quantitative character is hardly obtainable with reasonable precision as a consequence of the too 
many assumptions required by the statistical treatment, at present only the dose of the mutagenic 
treatment required to double the genetic variability of an untreated population may be of some 
significance and use. Few estimates only are available. In rice Oka, Hayashi and Shiojiri (1958), 
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assuming a proportional increase of genetic variance with the radiation dose, have estimated an 
increase of 0.0153 units of genetic variance per 1000 R for earliness in heading and of 0.0839 
per 1000 R for the height of the plant. Estimates of the increase in genetic variation in treated 
versus untreated populations were obtained also by Scossiroli (1966 a, b, and other papers) in 
durum and bread wheats. But larger dose ranges have to be investigated before conclusions can 
be drawn regarding the relations between radiation dose and the increase of genetic variation. 
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7. INDUCED-MUTATION TECHNIQUES 
IN BREEDING SEED-PROPAGATED SPECIES 

7.1. SELECTING PARENTS AND HANDLING THE M,-M3 GENERATIONS FOR THE 
SELECTION OF MUTANTS 

7.1.1. Selecting varieties for improvement by mutation 

7.1.1.1. Objectives 

A successful mutation-breeding programme must have clearly defined and specific objectives 
with regard to improvements or mutant types sought. Such objectives are of ten: 

(a) To improve one or a few specific characteristics of a variety or a line 
(b) To induce a morphological marker (colour, awns, bracts, etc.) to establish an identity in a 

promising line to make it acceptable for variety registration 
(c) To induce male sterility or fertility restoration, making a line useful as a component for hybrid 

variety production 
(d) To obtain within an adapted genotype simply inherited mutations (for specific characteristics) 

useful for breeding by recombination or by inducing further mutations. 

7.1.1.2. Selection criteria 

In selecting the base or parent variety in which mutations will be induced, the breeder should 
consider the following: 

(a) To reduce the probability of introducing variability due to mixtures and outcrosses, one or a 
small number of distinct types of varieties in any one crop species should be worked within 
any one season (except in unusual situations, such as when the type of trait sought by induced 
mutation is not known to be available in the species) 

(b) The parent variety should usually be either 
(i) a recently released cultivar 
(ii) an advanced promising line about to be released 
(iii) a promising advanced line or introduced variety restricted from release by specific 

limitations, e.g. susceptibility to: lodging, a specific disease, pest, shattering, a useful 
herbicide or fungicide, etc. presence of colour, a toxin, winter or spring habit, late or 
early maturity, tall or short height. 

Examples of successful applications are described in section 1, see also Sigurbjornsson and 
Micke (1974). 

7.1.1.3. Other considerations 

(a) Seed source of parent variety: A primary consideration in selecting the parent variety 
seed source is the lack of variability for the trait or traits to be introduced by mutation and relative 
uniformity in the stock for most other important traits. Often, a stock of Breeders Seed or 
Foundation Seed is available for a recently released cultivar, and in accordance with most pure 
seed programmes the genetic variability for agronomically important features is normally limited 
in scope. Commonly, however, to exploit an advance made by cross-breeding, the mutation 
breeder may need to initiate his experiments knowing that the parent material may carry some 
contamination via admixtures or outcrossing. For plant-breeding purposes this is of minor 
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consequence and the non-availability of an absolutely uniform and pure stock need not be a 
deterrent in the use of the method. 

In such cases, to increase the chances for success it is especially important that the breeder 
(1) limit his objectives, (2) restrict further introgression or genetic variability, (3) grow sufficient 
untreated M, (control) material to establish a concept of the genetic, variation present in the stock 
and for selecting more pure parent stock for back-up experiments (see below), (4) develop a 
detailed concept of the characteristics of an individual or line as improved by the type of mutation 
sought. 

(b) Back-up development: New 'repurified' stocks of the parent variety should be selected 
in the field from a control population for a back-up series of treatments, the M, generation of 
which should be grown the same year as the M2 from the first series of treatments. Usually, plant 
selections typical for the variety are taken from the control, maintaining identity of each line 
through the next M2 population. Plants from selected control lines from the third harvest (rogues, 
variable lines removed) might serve for a third back-up experiment, perhaps the last needed to 
achieve the objectives. 

7.1.2. Planning for the M, generation 

7.1.2.1. Greenhouse tests 

A greenhouse or laboratory test of the seedling growth response to a series of mutagen doses 
should precede the field planting and be used as a basis for selecting the dose levels used for the 
field planting. In many diploid plants seedling chlorophyll mutations can be used to evaluate 
the M2 populations in the greenhouse prior to selecting M2 treatments to grow in field. (Methods 
and procedures for the tests are described in section 5.) 

7.1.2.2. Con trol population 

Even for specific practical objectives, a small control (untreated) population should be grown, 
control population will serve three purposes: 

provide for comparisons of treatment effects on germination, growth, survival, M, injury and 
sterility 
assess the phenotypic variability of the parent variety stock used for the Mj 
provide 'repurified' parent variety for a back-up M t generation to be grown during the same 
season as the first M2. 

7.1.2.3. Mutagen and dose — replicates, etc. 

It is advisable to use three doses (plus control as mentioned above) of two different kinds of 
mutagens (e.g. radiation and chemical) unless the breeder has previous experience from which to 
select treatments. The mutagen doses should be about 20% higher and about 20% lower from 
that found by laboratory (and often previous field) tests to be the midpoint of the estimated 
desirable dose range. Doses of chemicals might involve various combinations of mutagen concen-
tration, treatment period, temperature and post-treatments (see section 3.4.2 for the interrelation 
of these parameters). Normally, with sparsely ionizing radiations the selected doses to cereals 
will cause 30—50% reduction in seedling growth in laboratory tests. With densely ionizing 
radiations the level should be 15-30%, with chemicals the level should be 10—30% (see als Table V). 
Ideally, three doses should be applied each year for each M1 as 'insurance' that at least one level 
will yield a sufficient number of the required mutant types. Often the particular treatment level(s) 
carried to the M2 might be selected from the Mj field performance. 

This 

(a) 

(b) 
(c) 
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At least two replicates should be made, each with half the quantity of seed selected for use 
with each dose, as an insurance measure against failure and against errors. When rather large 
numbers of seeds are treated, i.e. 5 -10000 / t r ea tmen t , subdivision into several treatment replicates 
will improve the uniformity of treatments and this is usually convenient because of physical 
limitations of the radiation or chemical treatment vessels. 

7.1.2.4. Population size — Ml 

Assuming a 90% probability of success in recovering a mutant (see section 13), occurring at a 
frequency of 1 X 10"3 test units (e.g. spike, fruit, branch), and that each plant grown is expected 
to produce three units, the amount of seed to be treated if the M! has 80% survival is about 600 seeds. 
However, as described below, because of the errors in estimating the frequency of the desired 
mutation, uncertainties in predicting M, survival, treatment severity, etc., it is recommended that 
as much as ten times the estimated required quantitites of seeds be treated to ensure that an adequate 
population will be available for screening. Thus, in the above example treating about 6000 seeds 
might yield the breeder as many as 10 mutations in the desired direction. 

While calculations to estimate the size of a treated population needed for isolating a desired 
mutant type are recommendable, such calculations may be of limited value in practice for 
several reasons: 

(a) Even the best estimates of mutation frequencies involve considerable error; 
(b) The optimum mutagen treatment for obtaining a desired frequency of mutations cannot yet 

be ensured since many physical and biological factors may influence the mutagenic effectiveness 
of a treatment; 

(c) The breeder can rarely achieve his goal with a single desired mutant as it is preferable to have 
a number of similar mutants to select from. In 'direct' mutation breeding the number of 
mutants of desirable phenotypes obtained from the M2 population can be the critical factor. 
This is because on further evaluation some of the mutants usually prove better than others, for 
various reasons, including accompanying mutations, which are most likely to be undesirable. 
Furthermore, the actual yield of mutants of a desired type may be appreciably higher or lower 
than the estimates, yet only a portion of those obtained will prove useful. The difference in 
mutant yield may occur because few or many different gene loci may control similar phenotype 
expression, thus mutations at different points in the biochemical pathway may cause similar 
phenotypic effects. 

(d) The M, generation requires the least space and effort . Therefore, growing extra M, material 
increases the cost very little but adds to the assurance that a sufficiently large population of 
M2 will be available for screening to obtain the desired mutant(s). 

7.1.3. Sowing of seeds 

Because of the detrimental effects of mutagens, the M, must be handled with greater care 
than untreated material. Several factors will influence the survival, the amount of tillering and the 
seed production of M, in the field. Some of these factors are given below. 

7.1.3.1. Condition of the field 

Because mutagen treatments induce injury to the meristems of seeds, it is particularly 
important that the moisture and the physical condition of the seed bed prepared for sowing the M, 
can secure optimum seedling growth and development. The soil conditions can have a considerable 
influence on survival and growth of the M t . Nitrogen fertility of the soil should be normal or 
slightly subnormal to limit excess tillering but other nutrients should be at optimum levels. 
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7.1.3.2. Time of sowing 

In most regions M, material will develop optimally if sown during the season when the climate 
is best for early seedling and plant development and weed control is less of a problem. However, 
slightly later sowing (2 or 3 weeks) often will help to reduce tillering and may improve conditions 
for isolation against cross-pollination. The delay should not be so much as to encourage weed 
types that are more difficult to control, alter the maturity in response to day length or temperature 
factors, or increase susceptibility of the crop to other hazards. Because of the induced injuries, 
crops requiring vernalization often may be vernalized in the laboratory or sown in the very early 
season when vernalization would normally occur from low temperatures. 

7.1.3.3. Condition of the treated seed 

(a) Dry or redried seeds — Dry seeds are easier to plant with machinery or by hand, and more 
uniform growth can be obtained without extra care. If sufficiently low in moisture, dry seeds can 
be stored for some time prior to sowing. However, under some pre-irradiation moisture levels 
and after some chemical mutagen treatments there may be injurious after-effects (consult section 3.3). 

(b) Wet or hydrated seeds — Seeds imbibed with water are more difficult to handle in sowing 
operations, cannot be stored, are easily injured, and require extra care to ensure proper emergence. 
Uncontrolled redrying is a hazard, particularly after certain EMS and some other mutagen treatment 
regimes (see mutagen treatments and post-treatments), possibly resulting in complete loss of the 
M, material. Also, seeds of some species cannot be redried, consequently extra care to provide 
adequate moisture through emergence is necessary. Small seeded species (grasses, clover and rice) 
normally should be started in a greenhouse or special bed and later transplanted to the field. In 
this case, a random sample of M, seedlings should be sown, not just the vigorous seedlings, which 
may not have received the same dose because of hard-seededness, for example. 

7.1.3.4. Density of sowing 

In general, the spacing of M t seeds within and between rows should be such as to restrict 
development of more than 3—4 primary tillers in cereals, and to the primary branching in grain 
legumes and other dicotyledons. 

7.1.3.5. Weed control 

Normally, a relatively weed-free seed bed should be prepared just prior to planting the Mj. 
Pre-emergence herbicides recommended for the area and crop may often be used successfully. 
Contact types of post-emergence herbicides may be useful for weed control if the M, plot is too 
large or the weeds too numerous for manual control. Systemic herbicides, such as 2,4 D, normally 
should not be used with cereals because they tend to cause side-effects and may more severely 
affect one portion of the population relative to another, often resulting in sterility, distortion of 
plants and reduced production of seed on the primary tillers of the M, plants. 

7.1.4. Isolation of M, material 

(a) Generally it can be assumed that some level of genetic heterogeneity will be present even 
in populations of parent material in self-pollinating plants. Cultivars often are comprised of a group 
of related lines and advanced lines of ten are bulk populations derived from F s or later generation ' 
selections. In addition, the probability is high that there will be limited contamination through 
mechanical mixing or by outcrossing. Therefore, the mutation breeder should expect that the 
materials he will work with in more detail will not be entirely homogeneous. The breeder must 
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know his material well, keeping it under his surveillance so that he can distinguish with relative 
certainty the useful induced genetic variability, and avoid or remove evident contaminants. 

(b) The purpose of isolation of the M, is to avoid the introduction of genetic variability other 
than that induced with the mutagen treatment. Most mutagen treatments will induce some pollen 
sterility, increasing the amount of outcrossing. Under isolation this outcrossing will be limited to 
the plants in the originally treated population. Only in exceptional circumstances (as mentioned 
earlier) should several mutagen-treated varieties of the same crop be grown in adjacent plots. Out-
crosses with the parent or other mutants will mask mutation expression. 

7.1.4.1. Methods of isolation in M i 

(a) Space — With cereals both the direction of prevailing winds during the flowering period 
and the space between the mutagen-treated material and other genotypes are important. Little, 
if any, introgression of extraneous genotypes will likely be encountered if the M, is to the wind-
ward and about 75 — 100 m from material of the same cereal crop. If the crop is frequently insect 
pollinated, as with some legumes, the required isolation may be greater, and other means (as in (c) 
below) in addition to space isolation may be required. 

(b) Time - Although some mutagen-treated Mj materials will likely flower over a longer 
period than non-treated materials because of induced growth delays and injuries, often a slightly 
later sowing of M[ material will permit separation of flowering times. This mechanism should not 
be depended upon entirely but may be a useful adjunct to methods (a) and (c). 

(c) Genetic — When mutation breeding is practised with a limited number of distinct M, 
types of a crop, it may be possible to grow M, treatments side by side since F, hybrids either may 
not occur or could easily be recognized in the M2 or M3 population. For example, dominant genes 
or gene complexes, such as the compactum spike trait in wheat, can be useful markers, permitting 
the culture of one vulgare and one compactum variety in close proximity since F[ hybrids are 
easily recognized. Dominant or semi-dominant flower, plant or spike colour traits might be used 
similarly. In addition, adequate genetic isolation can be achieved when a small plot of M, can 
be grown in a larger field of the parent variety or of another species. Different species may be 
grown in close proximity. It is also often possible to exchange isolation plots with breeders of 
other crops. 

(d) Mechanical — Spikes of cereals can be bagged using paper or plastic bags to avoid cross-
pollination and bird damage. Screen enclosures often can be used with plants that are frequented 
by insects and the M, might also be grown in a greenhouse to achieve control over pollination. 

7.1.4.2. Hazards 

A number of hazards can be encountered which may affect the success of mutation-breeding 
programmes. Among them are: 

(a) Outcrossing — Pollen may be transmitted by wind or insects from varieties of the same species 
growing nearby, the extent varying with the crop variety, treatment, distance from and 
relation to winds of potential sources of contamination; 

(b) 'Volunteer' crop - M t should not be sown on land used for the same species of crop during the 
previous season; this applies particularly to hand-seeded legumes; 

(c) Bird damage — The risk of loss of M[ material to birds is often greater than with normal 
materials because the range of maturity in treated materials may be greater. To avoid damage, 
the M, plots should be planted at some distance from bird roosting places and where birds 
have adequate sources of other food. In some cases an extra plot area might be sown on 
different dates to divert birds from the mutagen-treated plots. When M! material must be 
planted where bird damage is possible, the plants might be covered with bird-proof nylon 
netting, which is relatively inexpensive. 

129 



7.1.5. Care during growing season, recording of data 

The M, population should receive normal maintenance as regards standard cultural practices 
for the crop, including supplemental irrigation, weed control by herbicide or by mechanical means 
(as discussed earlier), prevention of severe disease levels if necessary. In addition, records on the 
condition of the M, at various times during development may prove useful, particularly for 
selecting the most promising populations for M2. Among these are data on: 

(a) Emergence — Because of the induced injury delays in emergence are common for mutagen-
treated seeds. Useful estimates of emergence percentage may be recorded at a time when the 
control population can be considered 50 to 90% emerged. If emergence of treated populations 
is poor, either the treatments are too severe, or the cultural conditions are poor, and adjust-
ments must be made for the next season's M,. 

(b) Seedling survival - Estimates of seedling survival recorded at the tillering or branching stages 
provide data on delayed effects of the treatments. If seedling survival of treated population is 
low, relative to emergence, the mutagen treatments have been too severe for the cultural 
conditions. 

(c) M, chimera induction - Even crude data on the occurrence of sectors of chlorophyll deficient 
or morphological changes in the appearance of M[ plants may be useful for estimating the 
effectiveness of the treatments. 

(d) Delayed development - The retarded growth of some mutagen-treated materials can often be 
estimated in relation to the time of flowering or maturation of the plants as well as by the 
variability in plant development within treatments. 

(e) Survival to maturity — Estimates of the number of plants in each treatment at the time of 
maturity provide information on the severity of the injury induced by the mutagen when 
compared with the number of seeds planted. 

(0 Sterility in M, — Useful estimates of Mi sterility can be obtained in various ways, or detailed 
counts may be made on appropriate samples of the population. These estimates may some-
times be made by visual inspection, or via M, seed yield (weight) corrected for differences 
in survival relative to the control population. 

7.1.6. Harvest of M, 

Methods of harvesting the M, populations will depend on the pattern of ontogenetic 
development in the species, the methods of screening and the generation to be screened for 
mutants. In most instances, the genetic changes induced by mutagen treatments will occur as 
chimeras in the somatic tissue of the M, plant, and the ontogenetic pattern is a prime factor 
affecting the expression of observed mutant-tissue chimeras in generative (reproductive) tissue. 
This aspect is discussed in section 5.4. However, both the ontogenetic pattern of development and 
seed yield of each M, inflorescence may have a bearing on the efficiency of methods for analysing 
the M2 generation. As a rule, monocotyledonous species have a different developmental pattern 
from dicotyledonous species but genera, species and even varieties may also differ in developmental 
pattern. The smallest differences usually are varietal. A consideration of the relation of these 
factors to the methods of managing mutagen-treated populations of different plant forms follows. 

7.1.6.1. Tiller, branch or plant progeny methods 

With monocotyledonous species like cereals and grasses the maximum potential for induced 
genetic variability is in the primary tillers, which arise from the already differentiated primordial 
buds present in the seed embryos. Some secondary tillers may individually yield higher frequencies 
of M2 mutants but the same mutations generally would be present in the progeny from primary 

130 



tillers and the probability that secondary tillers will carry mutations is significantly lower 
(section 5). The primary tillers are often the first ones to show signs of maturity, a useful guide 
especially if Mj survival is low and the density of planting has not been effective in reducing tillers 
of all M, plants. 

With dicotyledonous largely self-pollinated seed plants, like beans, peas, sunflower, tomato, 
etc., the methods applicable to M2 analyses may be similar to those used for cereals, except that 
each 'primary tiller' is equivalent to a main branch on the M, plant, and in detailed studies even 
secondary branches might be analysed. However, the approach followed with any particular species 
should be based on knowledge of the ontogenetic pattern of development of that species, since 
the nature of the primordium, including the number of preformed buds, degree of apical dominance, 
as well as other factors may influence the pattern of chimera formation. When the seed yield from 
each branch or from the whole plant is relatively low, as it might be with crops like lentils (Lens), 
peas (Pisum), chick peas (Gcer), etc., whole branches, if not whole plant progeny bulks, have been 
widely used. 

With some other species there may be many branches, many inflorescences and many seeds 
per fruit or aggregates of fruits on each plant. Thus it would seem that a sample taken from each 
primary branch of each M, plant would be adequate. In M2 a sample of 7 to 11 progeny per fruit 
should be sufficient if the segregation ratio for the mutant is approximately normal, i.e. if all seeds 
in the fruit are derived from a single heterozygous cell and the chance of failure to obtain one 
recessive offspring in the M2 is either 1 in 20 or 1 in 100 respectively (Miiller, 1965). The number 
of M2 seeds sown, however, must be adjusted for the expected levels of germination and survival. 
Where the number of seeds per fruit is not large but where many fruits are produced per branch, 
it is reasonable to suggest that each main branch be sampled, with perhaps a somewhat larger 
sample than described above for tomato, or possibly 30—50 plants, depending on the space require-
ments of each plant. 

7.1.6.2. Single or multiple seed bulk method 

The single-seed einkorn bulk method in some form is applicable to both monocots and dicots 
and to all situations. Its usefulness is based on the fact that the probability of occurrence of a 
single mutant offspring within the progeny of a fruit developed from mutated tissue is higher than 
the frequency of the particular mutation in the total population of plants (or branches) sampled. 
However, the method requires that the same number of seeds (one, or more in modified form) 
is taken from each fruit (spike, panicle, etc.). A modified single seed bulk method also has been 
successfully used by Brock and coworkers (Brock and Andrew, 1965; Brock et al., 1971) for 
mutation studies with Medicago polymorpha. They harvested pods from M[ plants in bulks and in 
the following generation grew one M2 plant from each of a randomly selected sample of pods. 

7.1.6.3. Mass bulk methods 

Mass population management also is applicable if the land and resources for mechanization 
are less costly than the labour required for other operations. However, in this case, with both 
monocot and dicot species some mechanism to limit the seed yield on each M, plant should be 
devised, even if only the sample for bulk handling is taken by hand at harvest. 

7.1.7. Management of M2 populations 

As mentioned earlier, the nature of the trait sought, availability of space in the field, green-
house or laboratory, labour, mechanization, and other resources will have an important bearing 
on the methods chosen and the precision and selection efficiency that can be achieved in practical 
mutation breeding. It is important to recognize that in practical applications the breeder often may 
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have a choice with regard to space availability, mechanization and the precision in identifying a 
single M2 mutant plant, which may prompt him to opt for somewhat less precise (bulk) methods of 
handling the M, generation in favour of more efficient but less precise bulk population management 
methods for screening the M2 generation. Weed control may also be a determining factor, and 
caution is advised in the use of selective herbicides (see section 7.1.3.5). 

7.1.7.1. Systems of handling populations 

All methods for the isolation of mutations in sexually reproduced plants are based on the 
pedigree method, modified to account for the chimeric structure of the M, plants. Furthermore, 
the methods applicable are based on population genetics procedures since the induced frequency 
of any specific mutant gene or desired mutant phenotype is appreciably lower in the M[ population 
than when a specific gene is introduced into an F[ population by hybridization. In addition, 
because a mutated tissue in an M] plant may appear only in part of the spike, pod or fruit, the 
segregation ratio of mutants in the progeny of seed units (pods, fruits, spikes, etc.) usually will be 
lower than in normally monogenic heterozygous material. The mutation breeder must choose the 
method of screening for mutations most adaptable to his circumstances. He should consider the 
merits, requirements and other aspects of following alternative methods for managing M2 

populations in screening for mutants (the methods described are primarily used for self-pollinated 
cereals, but with appropriate minor modifications are applicable to other self- or largely self-
pollinated plants): 

(1) Ml population bulk: If the parental material is quite homogeneous, the tillering of M, 
controlled by close spacing and the M! grown in isolation, the bulk method of M2 population 
management can be very efficient, especially for the selection of relatively distinct mutant 
phenotypes. The method is adaptable to mechanization of virtually all phases including the 
selection of variants in some cases, e.g. mechanical screening for seed size, weight, shape, etc. In 
some instances, particularly when mutants are better identifiable in M3 than in M2, a combination 
of methods may be desirable. 

(a) M, population bulk M2 single seed bulk -»• M3 ear to row progenies 
(b) M, population bulk -* M2 ear to row progenies. 

(2) ear to row bulk: This method, based on randomly harvested M, ears, is similar 
to (5) below but differs in that the relation of the ears, branches, fruit, etc., to one another is not 
maintained, permitting a type of bulk processing much as with method (4) but requiring smaller 
M2 progenies (perhaps 2 5 - 3 0 ) and adaptable to semi-bulk harvesting of units from M, plants. 
As with methods (1) and (5), planting of the M, to limit production to primary tillers is especially 
important. The method is intermediate in cost of operation, about as precise as method (4) but 
less precise than method (5). 

(3) Mi single-seed or multiple-seed bulk (einkorn): This method involves selecting a single 
seed from each M, spike (fruit, branch, etc.) or M! plant to constitute the M2 population. The 
basis for the method has been described earlier. The single-seed bulk may be followed by selection 
in M2 of single plants to progeny test in M3 or of single M2 ears for progeny line selection in M3. 
It is perhaps the most efficient method in terms of cost and space utilization, but its effectiveness 
is as dependent on the ability of the investigator to identify a single individual mutant in M2 as is 
the case with method (1). It should be noted especially for the single-seed method that the greater 
efficiency of the method is achievable only by growing the same quantity of M2 (in terms of 
number of M2 plants) as with other methods. This requires treating a larger amount of parent 
material for a larger M, population. If the method is followed through M3 or a later generation, 
it has the further advantage that there is no increase in population with each generation. A 
disadvantage is the greater labour requirement. 
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(4) M\ plant to row: In this method, all seeds or a sample of the seeds produced from a 
given plant are grown. The success of its use will depend to a large extent on how well the 
secondary tillering or branching has been controlled because the secondary tillers tend to dilute the 
yield of M2 mutants. This method is preferred when seeds produced per plant are relatively low 
as in Vicia faba, Pisum sativum, Lens esculenta, etc. With cereals its successful use depends on 
screening efficiency and land availability since generally a somewhat larger number of M2 plants 
(possibly 50 or more) should be grown per M, plant progeny than per M! spike progeny. Cost for 
land, labour, etc., is intermediate between the spike progeny and bulk methods. 

(5) Mi ear, branch, pod, fruit (within plant) to row: This method offers the most precision 
with regard to the origin of a mutant when the material treated is genetically homogeneous as 
regards the non-mutant allele, and when outcrossing is controlled. This is because the progeny of 
several ears from a given plant will rarely all carry the same mutant phenotype, and virtually never 
in the same ratio. The method is, however, the most costly in terms of space, labour, equipment 
and materials. For many practical applications the added precision may not justify the added cost. 

All management methods assume control over outcrossing, and ability of the investigator to 
distinguish features of the parent variety in any mutant type induced. 

7.1.7.2. Size of M2 populations needed 

In general the calculations presented in section 13 can be regarded as reasonable estimates of 
the size of the M! and M2 populations needed for selecting specific mutant types. The M2 

population size will to some extent be a function of the screening methods used. With cereals 
each M, spike progeny ideally should be represented by about 2 0 - 2 5 individuals, preferably with 
2—4 spike progeny per M, plant, because of the chimeric origin of induced mutants and to identify 
possible contaminants (see section 5.4); each single plant progeny bulk should be represented by 
about 40—50 or more individuals. With the M, bulk progeny method of analysis the estimated 
M2 population size should be about twice that of the M, spike or M, plant progeny populations 
(M2) as an offset to the usually lower selection efficiency. With the single-seed bulk method of 
management efficiency is achieved only when taking as large an M2 as for the Mj spike progeny 
method, i.e. 30 seeds X 15 000 spikes, or about 450 000 seeds. In practice this number of seeds 
each from a single main branch or spike might be somewhat difficult to obtain since a very large M, 
would need to be grown. A modified bulk approach might involve making several (2 or 3) different 
single-seed bulks from the same M, population. The prime consideration is that each test unit 
would be equally represented in the M2 population. 

The different dose groups in the Mj population selected for M2 analyses should generally be 
the two of the three dose levels that provide the highest mutation yields from seedling analyses 
(when possible) or from preliminary field tests on a sample of 200 to 300 M, spike or plant 
progenies or on a bulk sample providing about 9—10 000 M2 plants. The successful use of the 
mutation-breeding method depends on the choices the breeder can make among the selected 
phenotypes, since many of them will carry mutations in other traits as well. Therefore, the popu-
lation grown should be large enough to ensure an opportunity to select more than one instance of 
a mutant with the desired phenotype. 

There is also evidence that certain kinds of mutations appear more rarely than others. 
Mutations influencing, e.g. flowering time, flower morphology and plant height, are rather common; 
some other types of mutations are much more rare. Dominant mutations seem to be quite rare 
indeed but can be obtained and might in fact be sought for specific purposes. Such is the case 
with short culm mutants desired in wheat for use in controlling straw height in the F , generation 
of hybrids. Disease and insect resistance mutations also seem to be relatively rare, but major 
differences in the frequencies of particular kinds of mutations also may depend on the parent variety 
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genotype (especially in polyploids) as well as on the ontogenetic development pattern of tissues 
following treatment. With those plants in which the Mj develops from a single cell or adventitious 
bud, the frequency of mutations could be higher than in plants with multicellular meristems. 
However, mutagen treatments of pollen have so far yielded much lower frequencies of mutations 
than can be induced by mutagen treatment of seed. 

7.1.7.3. Selection techniques 

(1) Visual: In general, visual selection methods for identifying mutant phenotypes are the 
most effective and can be very efficient. It is important here that the breeder ignore essentially all 
deviants not considered of immediate use toward his primary objective. Unusual genetic variants 
may, however, be of value for basic studies. These should be preserved by submitting them to 
someone maintaining a mutant or gene collection. Visual selection often is the prime basis for 
selecting for disease resistance, earliness, plant height, colour changes, non-shattering, adaptation to 
soil, climate, growing period, etc. The procedures involved are essentially the same as for variation 
introduced by cross-breeding. However, with mutation breeding the techniques used as aids to 
visual selection, generally must be very efficient for focusing the breeder's attention on few specific 
individuals from relatively large populations. Thus, mass-screening techniques are particularly 
suited to the mutation-breeding approach. 

(2) Mechanical or physical methods of selection also can be used very efficiently in mutation 
breeding. Seed size, shape, weight, density, etc., may be selected for using appropriate sieving 
machinery. Such traits also may be affected by a disease to which resistance is sought and be 
efficiently used for upgrading the population screened. Mechanical or physical selection methods are 
readily adaptable for processing large quantities of seeds. Mechanical methods normally would be 
applied to seed produced on M2 plants, and are perhaps most adapted to the M, bulk population 
method of managing M2 material. Processing individual M2 lines or plants would also be feasible, 
but more costly. 

(3) Other selection methods: Chemical, biochemical, physiological, physico-chemical and 
various other screening procedures may be needed for selecting certain kinds of mutants. However, 
virtually all employ visual parameters to expedite detection. Low alkaloid content mutants may 
be sought using colorimetric tests on M2 or M3 seeds or M2 plants, protein analyses by colorimetric, 
chromatographic or electrophoresis techniques may be conducted on individual seeds from Mi 
plants, on seeds from M2 plants or on the bulk from M2 plant progenies, the efficiency depending 
on the degree to which such techniques can be mechanized. When searching for resistance to 
herbicides or fungicides in a susceptible variety, the chemicals might be applied to M2 seedlings 
in the laboratory or field using slightly higher than practical concentrations. Repeated application 
of the chemical to plants showing evidence of tolerance or resistance should then be made to 
confirm the response, but progeny tests of selected individuals are also necessary to confirm the 
genetic basis. Changes in phenol reaction of seed coat tissue may simply involve exposure of seeds 
from M2 plants (or an M3 seed population bulk) to an appropriate concentration of phenol, then 
visually selecting the changed individual seeds. Unsuccessful attempts have been made to isolate 
mutants of M3 plants with higher photosynthetic efficiency by growing M2 seedlings under 
conditions with a lowered oxygen tension. Insensitivity to gibberellin can be identified by spraying 
gibberellin solution onto seedlings or soaking seeds in a gibberellin solution, then searching for 
seedlings with little or no response. When an enzyme is known to be involved in a particular path-
way to be altered, methods to identify presence or absence of the enzyme or its products might 
be devised for use in rapid screening for mutants. 
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7.1.8. Management of the M3 generation 

Because the inheritance of most induced mutations varies from semidominant to recessive, 
M2 mutants are ordinarily considered homozygous for the selected trait. However, the assumption 
should not be made that all variants of interest should prove homozygous in progeny tests, 
particularly since epistatic interactions among genes are common. Progeny tests are essential for 
the identification of all mutant lines useful for plant improvement and reselection from M3 , while 
further progeny tests may be necessary to stabilize a potentially useful variant. Furthermore, it is 
not uncommon that a mutant may be homozygous for the desired character but segregate for 
another. Only rarely will a mutant be the result of a modification in epistatic relations of more 
than one modified locus. In such a case the M2 'mutant ' phenotype may not even reappear among 
M3 progeny. 

In a number of situations M3 progeny tests may be essential for the detection of mutants, 
particularly of those not so readily discernible from single plants. This may be particularly true 
for some biochemical or physiological mutants. 

When there is a low number of seeds per plant, pod, fruit, etc. in the M,, it is often desirable 
to grow out an M3 population from all M2 plants since in some cases as much as 60% of the total 
mutant yield has first been found in the M3 (Gottschalk and Scheibe, 1960). Normally however, 
it is preferable to grow larger M2 than M3 populations and grow another M2 the following year. 
The frequency of mutant individuals in the unselected population is normally higher in M2 than 
in M3, thus space requirements and other considerations make it generally more economical to 
screen for mutants only in M2. 

In some other cases, especially in polyploids like durum and bread wheats, it may be necessary 
to reselect even an M3 line and grow the M4 progeny of 7 to 11 individuals with the mutant pheno-
type to be reasonably sure that the trait in question is due to mutation rather than to an unstable 
gross chromosomal deficiency. In many cases, seeds harvested from M3 lines can already be 
submitted for standard evaluation in competitive field trials according to procedures described in 
section 7.3.1. 

7.1.9. Distinguishing mutants from contaminants and controlling contamination in self-pollinated 
crops 

In certain cases ascertaining the origin of genetic variation appearing in mutagen-treated plant 
material may be of interest or concern not only to geneticists but also to breeders. 

Contamination is common in any plant-breeding programme unless the most detailed and 
costly procedures to prevent it are followed, no matter what method is used to increase genetic 
variability. Contaminations are manageable when they affect only a very small proportion of the 
treated population, and when the characteristics of the contaminants can be recognized readily. 
Thus neither the risk of contamination nor the fear of uncertainty over the origin of variation 
isolated from mutagen-treated populations should deter the breeder from using the mutation 
approach when that approach can be more efficient and expedient to attain a specific objective. 

Contamination can be reduced to manageable levels by taking certain simple precautions. 
Moreover, contaminations (depending on the source) are often distinguishable by characteristic 
phenomena, and a number of analyses can be made that will usually permit a conclusion about the 
origin of genetic variants isolated from mutagen-treated populations. 

7.1.9.1. Basis for and sources of contamination 

The prime sources of contamination are: 

(1) Mechanical mixtures sometimes occur during the harvest of the immediate or previous 
generations of the parent variety seeds, from inadequately cleaned harvesting machinery or 
intermingling of plants from different plots during harvest. 
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(2) Uncontrolled outcrossing may involve mechanical mixtures or other varieties of the crop 
growing in sufficient proximity for pollen transfer by wind or insects. Contamination can 
occur in the seed stock in any generation prior to or following the mutagen treatment but is 
less important after selections are isolated into progeny lines because deviants are readily 
removed. The chances for outcrossing often are markedly increased with increasing doses of 
mutagens, because of induced pollen sterility. Measures to prevent contaminations are 
outlined in section 7.1.4.1. 

In addition, it would be advisable, one season or more prior to applying mutagens, to select 
and progeny test future parent variety material. Roguing of evident off-types prior to flowering will 
reduce cross contamination but each progeny should be harvested separately and the seed examined 
prior to use for mutagen treatments. Reducing genetic variability in the parent material before 
treatment is one of the most easily carried out and most efficient precautions against contamination. 

7.1.9.2. Criteria for distinguishing contaminants from mutants 

Quite commonly all of the conditions for preventing contaminations cannot be met by the 
breeder for one or more reasons, including cost, expediency and available facilities. However, there 
are some features common to genetic variation of contaminant origin versus that of recent mutant 
origin and some tests by which the breeder can categorize selected variations into contaminant or 
possible contaminant origin and mutant or possible mutant origin: among these are: 

(1) Genetic variation of contaminant origin (mixture) 

The variation is likely to be of contaminant origin as a mechanical homozygous or heterozygous 
mixture present in the parent variety population, if: 

(i) Variant individuals having essentially the same phenotype(s) appear repeatedly in M2 

and control populations; 
(ii) All branch spike or panicle progenies from a single plant or all plants of a bulk plant 

progeny line are uniform for phenotype in M2 ; 
(iii) Specific variant individuals segregate in an approximately 3 :1 ratio (0.20—0.25%) in an 

M2 plant progeny line or in all of several branch, spike or panicle progenies of a single 
M, plant (it is not possible to distinguish mutants from contaminants if only single 
spikes, branches, etc. are taken); 

(iv) Variant individuals are found in an M2 branch, spike or plant progeny line that also 
carries a wide range of variation in other traits. 

(2) Genetic variation of contaminant origin (outcross) 

Although not conclusive, the variation may be of suspected contaminant origin as an outcross 
between the M[ and an outside source (or mechanical mixture), if: 

(i) An M2 variant individual has been changed in many ways and/or segregation in M3 of the 
selected variant shows the release of variation involving several independently varying 
traits; conversely, a variant with only one or only a few characters changed is likely to 
be a mutant; 

(ii) Variant individuals of the same phenotypes appear unusually frequently in M2 

populations; 
(iii) A similar variant does not appear in the progeny of one or more sister M2 plants from an 

Mi branch, spike, panicle or plant progeny (this test is not critical, however, since 
mutants can originate even in rather small chimeras of a single plant, and possibly also as 
recombinants from an altered base sequence, which would be not likely to occur in 
sister progeny); 
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(iv) A possible 'donor' parent for the trait(s) in question can be identified; 
(v) Partial pollen sterility occurs in some M2 or M3 plants of a questioned progeny line, 

suggesting the M, was partially sterile and more receptive to cross-pollination. 

(3) Genetic variation of mutation origin 

Because of the chimerical nature of the induced variation in seed primordial 

(i) Variants of the same phenotype commonly will appear at a very low frequency even in 
a bulk M2; 

(ii) Variants will appear as one to few individuals in branch, spike or plant progenies, virtually 
never appearing in a 3 :1 ratio in more than one or a few of several branches or spike 
progenies, but usually at a far lower ratio in one or two of a group of sublines and absent 
from the remaining sublines derived from branches or spikes of a single M, plant; 
otherwise, the variation is likely of contaminant origin; 

(iii) The ratio of mutant to normal should be appreciably less than 1 :3 or 3 : 1 , especially if 
an M2 plant progeny consists of enough individuals (about 3 0 - 5 0 ) . 

(4) Genetic variations of induced mutation origin 

A mutant is most likely to have been induced if in addition to meeting the criteria of mutation 
origin there have been isolated similar variants from several different plant progenies in a treated 
population at a statistically significant higher frequency than was obtained in the control. The 
number of spontaneous mutations occurring at the same time is extremely low. Spontaneous 
mutations can of course occur at any time during the life cycle but can be determined to some 
extent by the procedures mentioned above. 

7.1.9.3. Genetic and phenotypic analyses 

For most practical purposes, the criteria described below are the most critical, even though 
they can seldom be performed for large numbers of variants. However, tests of large numbers of 
variants are rarely necessary as in most instances the breeder finally uses relatively few of the 
variants isolated. The following analyses will usually permit a conclusion relative to the origin of 
any specific genetic variant: 

(1) Genetic: 

(1) Progeny: Selected variants should breed true in M3 if not in M2 progeny tests. If segregation 
occurs in M2 progenies, the variation should be limited to the selected trait and no or only 
a few (1—2) others. 

(ii) Breeding performance in backcross and other cross-breeding: Selected variants should show a 
relatively simple genetic segregation in backcrosses to the parent variety and to som? other 
strains (1 or at most 2 gene segregations). 

(2) Phenotypic: 

(i) Morphological characteristics: In general mutants should show a measure of similarity to the 
parent variety except for modifications peculiar to the change involved. Often a whole 
complex of changes in phenotype will be caused by a simply inherited mutant, but a 
similarity in many features will still remain. 

(ii) Physiological, phytopathological and biochemical characteristics: The variant should show 
similarity to the parent variety in a large number of measured traits, especially in traits governed 
by several different genes or complexes, such as quality characteristics, disease and pest 
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resistance, and biochemical characters as tested by electrophoresis and similar methods of 
protein identification. (Note that a number of deviations may suggest contaminant origin, but 
several kinds of evidence may be necessary to establish mutational origin if there is no 
deviation in characteristics.) 

7.2. THE DETECTION OF INDUCED MUTATIONS 

Induction of mutations at the level of the locus and their subsequent recovery are two 
independent processes. The extent to which an induced mutation may survive and give rise to a 
mutant at the level of the organism is controlled by many factors, among which the following 
relate to the invariate biological characteristics of the organism concerned: 

(a) Unicellular or multicellular 
(b) Mode of reproduction 
(c) Stage of differentiation of the primordial cells from which inflorescences arise (whether they 

are already present in the dormant embryo or arise later in the ontogenetic cycle) 
(d) Number of primordial cells involved in the origin of each inflorescence 
(e) How long in the life cycle of the plant such primordia arise 
( 0 Genetic architecture of the organism (whether primarily diploid or polyploid of different 

types, which will determine the rigour of the somatic and gametic sieves) 
(g) Characteristics of the locus involved in the mutation process. 

Other genetic systems, like polygenic inheritence, linkage, gene interaction and previous 
selection history of the character under study, may greatly reduce the rates of phenotypic recovery 
of an induced mutation. Besides the above biological parameters, variables relating to the mutagen 
used, treatment conditions, and pre- and post-treatment modifying factors also influence mani-
festation, transmission and recovery of an induced mutation (Auerbach, 1967; Auerbach and Kilbey, 
1971; Brock, 1971). The manner in which these factors operate is discussed in other sections of 
this manual. It is important to know that, while the induction of mutations at the cellular level 
can be accomplished easily (e.g. Carlson, 1970), such mutations will be of no use to the breeder 
unless they are manifested at the level of the organism and transmitted to subsequent generations. 
Hence, success in enhancing the frequency of induced mutations and in widening their spectrum 
depends to a great extent upon the knowledge of the factors influencing manifestation and 
transmission of mutants, and the attention given to the adoption of suitable procedures. Some 
ways of handling these problems are described below. 

7.2.1. Inter- and intra-somatic selection 

Unicellular organisms do not present the same problems of recovery as exist in the multi-
cellular organisms (Auerbach and Kilbey, 1971). If suitable screening procedures are evolved and 
adopted, mutants can be identified easily and perpetuated, as has been elegantly demonstrated in 
many antibiotic yielding microorganisms. Unicellular green algae like chlorella are at present 
being subjected to mutation breeding for characteristics like increased radioresistance (to be of use 
in space flights) and increased photosynthetic efficiency. All crop plants are, however, multicellular; 
hence the cells carrying mutations will have to compete with normal cells regarding growth and 
survival. Such competition, however, can be overcome in asexually propagated plants if whole 
plants can be raised from single cells as in Saintpaulia (Sparrow et al., 1960) or other ornamentals 
(Broertjes, Haccius and Weidlich, 1968). 

In a sexually propagated plant two types of selection will intervene before a mutation induced 
in a seed treated with mutagen is expressed in the M2 generation. The first process is what will 
occur in t h e M , somatic tissue; this has been termed 'diplontic selection' by Gaul (1959a). 
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The second process of selection will operate in the gametes of the M, plants and is hence referred 
to as 'haplontic selection'. Haplontic selection operates more rigorously in the pollen than in the 
ovules. Only a mutation that passes through both the somatic and gametic sieves will find pheno-
typic expression in the M2 and subsequent generations. Among sexually propagated plants the 
handling procedures are more simple in those that are hermaphroditic or monoecious than in 
dioecious plants. On the other hand, in asexually or apomictically propagated plants the somatic 
sieve is the only important one since the gametic sieve does not operate. Again among apomicts 
there is difference between those that are solely propagated through vegetative parts and those that 
are seed propagated without there having been any meiosis in the cells that give rise to the functional 
megaspores. The sexually and the apomictically propagated plants will have to be considered 
separately, since the problems of recovery are quite unique to each group. 

7.2.2. Diplontic selection in sexually propagated flowering plants 

7.2.2.1. On togenetic stage 

Among the factors determining the extent of diplontic selection is, first, the stage in the 
ontogenetic cycle when the priomordial cells from which inflorescences arise differentiate. If they 
are already present in the embryo of the dormant seed as in barley, wheat or rice, treatment of 
seed with mutagens can affect them directly. If, on the other hand, the primordial cells arise 
later in the course of development, they will develop only from cells that have successfully passed 
the somatic sieve, i.e. they have already been subjected to selection. Swaminathan (1961) has 
discussed this situation in relation to the recovery of mutations in cotton. 

7.2.2.2. Primordial cells 

The number of primordial cells involved in the origin of an inflorescence will govern the size 
of the sector carrying mutations in the inflorescence. The number of initials that go into the 
making of an inflorescence are estimated using phenotypic (chimeras in the M t plant), genetic 
(aberrant segregation ratios in the M2) or cytological (heterozygous chromosomal aberrations in 
the M[ spike) techniques. Since the time of Stadler (1930), who made estimates of the number of 
initial cells involved in spike formation in barley, there have been several attempts in this direction 
in different crop plants (e.g. Anderson et al., 1949; Moh and Smith, 1951; Caldecott and Smith, 
1952a; MacKey, 1954b; Blixt, Ehrenberg and Gelin, 1958; Matsuo, Yamaguchi and Ando, 1958; 
Gottschalk, 1960; Gaul, 1961a; Yamaguchi, 1962b; Nishiyama, Ikushima and Ichikawa, 1966; 
Beard, 1970). The mature embryo in the dormant seed of cereals is highly differentiated even 
up to the stage of spike initiation as compared to the dicotyledons that are late in their differentiation 
(Swaminathan, 1965a). Cereal crops such as wheat, barley and rice tiller into main, primary, 
secondary culms etc. (Yamaguchi, 1962b; Osone, 1963). In rice and wheat the number of initials 
may vary from one to two or more (Fuji, 1960, 1965; MacKey, 1954b). The reports concerning 
the number of cell initials in barley agree that some spikes originate from a single cell in the 
dormant embryo, but they disagree on the number of initials that can be included in a single spike 
(Stadler, 1930; Caldecott and Smith, 1952a; Sarvella, Nilan and Konzak, 1962; Mericle and 
Mericle, 1962; Gaul, 1964a). If only a single cell is involved, then the entire inflorescence will 
carry any mutation the primordial cell carries. Alternatively, if several cells are involved, the 
inflorescence could be chimeric (see sections 2.4.1 and 5.4). M2 segregation ratios will help to 
estimate the number of inflorescence initials. The expected segregation ratio of normal to mutant 
phenotypes will be 25% (3 :1 ) if a single cell initial alone is involved; when more than one initial 
is involved, since all of them may not mutate simultaneously, the segregation ratio will be less than 
25% in the M2 generation with a deficiency of recessives (see Gaul, 1961 a; Kawai and Sato, 1966). 
The size of the M2 population grown will have to be based upon a knowledge of the size of the 
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mutated sector in the M,. Gaul (1961a) has also shown that, through an increase in the radiation 
dose, the size of the mutated sector can be enlarged. 

Where a plant produces several tillers, as in barley or wheat, the first-formed tillers may carry 
more different mutations than later-formed ones (Gaul, 1961a). This is because of the greater 
probability of the first-formed tillers arising from several initials already present in the dormant 
embryo subjected to treatment. A reduction in tillering achieved through close planting can 
increase the frequency of mutants recovered in M2. Gaul (1959a) found that close spacing of 
barley plants raised from irradiated seeds reduced the average number of initial cells involved in 
spike organization, thereby increasing the area of mutated sectors. However, diplontic selection 
does not seem to play the same role under all experimental conditions and in all plants. Frydenberg 
and Jacobsen (1966) found that the spikes of secondary shoots in barley carried even more 
mutations than the main spike. The situation is even more complex in dicotyledonous plants. 
Scheibe and Micke (1967) found that the mutation frequency in sweet clover after seed irradiation 
was higher in basal secondary shoots, but diluted in the main shoot by extensive branching before 
the formation of flowers. Seeds taken from the same M[ plants in the second season yielded 
practically no mutants at all. Corresponding observations were made in mutation experiments 
with perennial grasses like Alopecurus, where the yield of mutations was highest in the first seed 
harvest from M, plants but dropped sharply to the second harvest in the next year (Micke, 
unpublished). For these reasons, it is always preferable to keep the seeds of each inflorescence 
separately and carry them forward to the M2 generation as ear or inflorescence progenies rather 
than whole plant progenies. This will help to avoid a numerical dilution of the mutants occurring 
in the population and thereby facilitate their detection. 

7.2.2.3. Genetic constitution 

The genetic constitution of the plant greatly influences the rigour of both the somatic and 
gametic sieves. Where duplicate loci are present for the basic metabolic factors, as in many 
polyploids, both mutations and chromosome aberrations survive to a greater extent than in plants 
with a strictly disomic genetic constitution. Thus, polyploidy may facilitate the later recovery of 
induced mutations. On the other hand, the phenotypic expression of an induced mutation may 
be masked because of the buffering effect of the duplicate factors (see section 7.4). This is why 
in many polyploids chlorophyll mutations are rare in the M2 generation, as Stadler (1929) found 
in hexaploid wheat and oats. MacKey (1954b) however, showed that while chlorophyll mutations 
may be rare or absent, viable morphological mutations occur at a high frequency in polyploids like 
bread wheat. The nature of polyploidy is also important in relation to both discovery and 
expression of an induced mutation (Swaminathan, 1965a). An understanding of the genetic 
constitution would help to formulate suitable handling procedures. Thus, in an autotetraploid with 
a genotype AAAA at a locus the M, plant may become AAAa if the mutation A -* a occurs. In the 
M2 , only plants with the genotypes AAAA, AAAa and AAaa will occur (unless there is random 
chromatid segregation) and hence the population will be phenotypically homozygous. A recessive 
phenotype can occur only in M3. In such cases the screening should be carried on to M3 and later 
generations. 

7.2.2.4. Function of locus 

The function of the locus concerned and its neighbouring genes will also determine the 
viability and frequency of transmission of mutations. It is obvious that a mutation in a locus with 
an important metabolic function will survive less readily than one not concerned with growth and 
survival. 
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7.2.2.5. Mutability 

It is important to note that different genes are not equally mutable. For example, when 
studying the rate of spontaneous mutations in maize Stadler (1942) found that the gene r (for 
colour) is relatively mutable, whereas the genes for waxy (wx) and shrunken (sh) endosperm are 
relatively stable. Recently, Cox (1972) has suggested that mutation rates at different loci in the 
same cell may differ considerably and that these rates are genetically controlled. Making this 
assumption, he argued that genes in higher organisms may be organized not according to their 
function, but into different segments of the genome that have different intrinsic mutation rates 
(see also Proc. Int. Workshop The Genetic Control of Mutation, Genetics Suppl. 73 (1973) 1 —205). 

All the factors enumerated above will operate in dioecious plants also. However, in such 
plants the breeding procedures will have to be so designed as to take the sex differentiation into 
consideration. 

7.2.3. Diplontic selection and vegetative propagation 

The recovery of mutations after mutagenic treatment of shoots or other somatic organs 
involves particular problems because of the large number of meristematic cells present in the 
irradiated tissue and the consequent opportunities for cell competition and selection. The treated 
primordia should preferably consist of a few undifferentiated cells that can produce a large 
proportion of mutated cells and can readily be identified (Nybom and Koch, 1965). Methods will 
have to be devised for providing opportunities for cells carrying mutations, but suffering from 
mitotic inhibition or delay, to find phenotypic expression. The technique of repeated backpruning 
was shown by Bauer (1957) to be suitable for achieving this aim in Ribes nigrum. Nybom (1961) 
and Nybom and Koch (1965) have discussed at length the various approaches in the recovery of 
somatic mutations. In isolating and propagating axillary buds or shoots the selection of buds that 
would give the highest yield of mutations is of considerable importance. Higher mutation rates 
have been found in those plant parts that were already initiated at the time of irradiation: shoots 
(Buiatti, Ragazzini and D'Amato, 1965), preformed buds (Pratt, 1967; Lapins, Bailey and Hough, 
1969; Lapins, 1973; Visser, 1973). It is also possible to produce changes that resemble somatic 
mutations by the alteration of an existing chimera, as has been demonstrated in Dianthus 
caryophyllus by Richter and Singleton (1955) and Sagawa and Mehlquist (1957). Thus, an under-
standing of the genetic constitution, which determines the extent to which mutations have a 
survival value, and the histogenetic aspects of tissue differentiation in relation to problems such 
as apical or basal dominance, the number of cell layers of the tunica and corpus involved etc., are 
of great value in planning the handling procedures. Where entire seedlings can be raised from 
single epidermal cells of the leaf petiole, as in Saintpaulia, Streptocarpus, Achimenes, and other 
ornamentals, a high frequency of whole plant mutants can be obtained by treating leaf blades with 
mutagens (Sparrow, Sparrow and Schairer, 1960; Broertjes, 1968a,b, 1969, 1972). It is possible 
that many other plants can be reproduced in this manner and in these cases the somatic elimination 
of cells carrying mutations can be avoided (see section 8.1). Even in a sexually propagated plant 
like Nicotiana tabacum techniques are now available for the induction and isolation of auxotrophic 
mutants in somatic cell cultures (Carlson, 1970; see also section 12). Furthermore, it has also 
been demonstrated that such somatic cells isolated from leaf or callus tissue can be induced to 
regenerate into entire plants (Takebe, Labib and Melchers, 1971; Carlson, Smith and Dearing, 1972). 

Plants propagated by seeds that arise from the maternal tissue without meiosis will have to be 
handled in a different way. Knowledge of the development of the inflorescence and embryo will 
be helpful in determining the types of chimeras that could occur. In such plants treatment of 
inflorescences may be more effective than treatment of seeds. Mutations for sexuality have also 
been induced in some apomicts like Poa alpina (Julen, 1958, 1961), and if this could be done, the 
recovery of induced mutations as well as the release of hidden genetic variability can be achieved 
(see section 10.2). 
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7.3. IDENTIFICATION, EVALUATION AND DOCUMENTATION OF MUTANTS 

7.3.1. Identification of mutants 

For practical plant-breeding purposes, the question of whether a useful variant selected after 
mutagenic treatment represents an induced mutant, a spontaneous mutant, a line already inherent 
in the untreated material or a product of segregation after selfing or outcrossing, is of minor 
interest. However, for mutation research and for the evaluation of the efficiency of mutation 
breeding as compared with other breeding methods this question is of great importance. 

Though it appears impossible to state with absolute certainty that a variant has been induced 
by the mutagen used in the particular experiment, typical macro-mutants of self-pollinating crops 
(e.g. erectoides, dwarfs and semidwarfs, speltoids, early, barbed, smooth-awned, disease-resistant 
types and other rather drastic changes) may be considered as being most probably due to an induced 
mutation, if these variants are not found in comparable control populations. Most of the useful 
mutants reported in the literature are of this type. However, before designating a variant as a 
mutant variety, the breeder should endeavour to clarify its genetic origin (see also section 7.1). 

Various precautions and procedures may help him in this project, beginning with the choice 
of the seed sample for a mutagenic treatment: 

(a) Treatment of highly inbred material ( 'pure line'), if possible of a single plant progeny selfed 
repeatedly under controlled conditions (by isolation or bagging); 

(b) Treatment of a 'pure line' marked by alleles not occurring in the other breeding material of 
the station concerned; 

(c) Strict isolation of the Mj generation; 
(d) Pedigree breeding from M2 to M3 or M 4 ; 
(e) Re-selection within the selected variant; 
(f) Comparison of the variant with similar strains and varieties; 
(g) Testing the amino acid composition of plant (seed) protein; 
(h) Testing the race spectrum of disease resistance; 
(i) Analysis of reciprocal crosses between variant and mother strain, if possible combined with 

the 'fingerprint' technique; 
(j) Test crosses of the variant with other genotypes showing the variant character; 
(k) Mapping the mutant locus; 
(1) Cytological and cytogenetical investigations. 

In a particular case the cytological evidence of an altered karyotype may suffice to prove the 
mutational character of a variant, in other cases all the procedures mentioned above may not lead 
to a definite conclusion. If, after selfing, a variant produces stable genotypes differing from itself 
and the mother line, or when a variant X mother line cross segregates for more than one character, 
outcrossing, induced chromosomal instability (Basu, Robbelen and Scheibe, 1962) and multiple 
mutations (Lamprecht, 1962; Loesch, 1964; Emery, Gregory and Loesch, 1964; Hansel, 1967) 
have to be considered. In most cases the segregation analysis up to the M3 , M4 will give the most 
instructive information. ^ 

When an M, plant progeny is sufficiently large and all M2 plants and M3 lines derived from 
it are of the same aberrant and not segregating type, an induced gene mutation or deficiency can 
be excluded. In this way also micro-variants may be recognized as non-mutant types, though it 
has to be ascertained that no cytoplasmic change has been induced. 

The varieties of self-pollinating crops are not 'pure lines' in a strict sense. A mutational origin 
of micro-variants can be assumed when the genetical within-variation of the mother variety does not 
include the selected variant type, though it is obvious that mutant types falling within the range of 
the original variety may also occur. Since it has been found repeatedly that selection for yield 
within a self-pollinating variety resulted in significantly higher yielding strains, higher yielding 
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micro-variants selected after mutagenic treatment can be, but need not be, induced mutants. When 
the best variants and the best variety lines have been selected by the same procedure out of the 
treated and untreated material, respectively, and the best variants surpass the best variety line 
significantly in extensive field trials, then the former may be considered to be yield-mutants 
(Gregory, 1965; Gaul, 1967; Gaul et al., 1969; Hansel, Simon and Ehrendorfer, 1972). The 
mutational increase of yield appears less problematic when a morphological or physiological macro-
mutation exerts favourable effects on yield formation (Hoffman, 1952; Gelin, 1955; Gregory, 
1960; Gaul, 1963, Gustafsson, 1963; Swaminathan, 1963; Scholz, 1965; Hansel, 1966; 
Gottschalk, 1966; Nilan, 1966b; Scarascia-Mugnozza, 1966a,b; Bouma, 1967; Futsuhara, 
Toriyama and Tsunoda, 1967; Ishikawa et al., 1970; Bari, Awan and Bhatti, 1971; Haq et al., 1971; 
and others). 

It occurs that certain M2 or M3 plant progenies of otherwise normal appearance display small 
differences in field resistance against a fungus infection. These differences, which could have hardly 
been detected on single M2 plants, may be of interest for the breeder. It cannot be excluded that 
such slightly altered reaction types are due to mutation, though it would be difficult to prove it. 

When F, generations or segregating generations (F2 F3 ) are treated with mutagens, a 
simultaneous selection in the treated and the untreated material may give a vague indication about 
the origin of a variant found in the treated material. Especially in wide crosses, segregates and 
spontaneous mutants similar to induced macro-mutants have been observed repeatedly and with 
rather high frequencies (Harlan, 1956). 

In cross-pollinating crops of which highly inbred lines are not available special methods 
depending on the type of mutagenic treatment and on the possible modes of propagation have to 
be designed to obtain an indication of the nature of a variant selected after mutagenic treatment. 

In vegetatively propagated plants one should treat a pure clone made by growing a number of 
plants, starting from only one specimen (or one individual plant). In older varieties that are grown 
on a large scale, such as apples, potatoes and carnations, one must be aware of the possible 
variability induced by spontaneous mutations, which in many cases have led to different (local) 
subclones. Sometimes mutations are hidden in a chimeral condition, which causes different effects 
when material from various origins is irradiated. Uncovering of pre-existing periclinal chimeras 
can be distinguished from a mutational event by the high frequency of the same aberrant type. 

7.3.2. Propagation and evaluation of useful mutants 

When a mutant appears promising, seed multiplication for extensive field testing is necessary. 
The mutant, the mother strain and other varieties with which it is intended to compare, should be 
propagated under the same conditions to produce comparable seed properties for the basic trial 
seed. 

Mutants of vegetatively propagated plants can be multiplied by the usual method for the 
crop in question (cuttings, grafting, budding, layering, bulbs, tubers, etc.). Care must be taken 
to start from complete periclinal chimeras, which are automatically formed from mericlinal 
chimeras caused after irradiation of a multicellular apex. Plants that have both organs with the 
original and organs with the mutated tissue cannot be used to evaluate the mutant character. 
These problems do not occur when plants can be grown from one cell; a mutation in such a case 
leads to non-chimeric mutant plants. 

The methods of testing seed-propagated mutants in comparative trials are essentially the same 
as for any other newly developed strain (Wishart and Sanders, 1955; Le Clerc, 1966). It is 
intended to find out whether the mutant promises to become a variety surpassing the value of the 
mother strain and of the best available variety (a) in at least one property, or (b) by a better 
combination of different characters. In planning field trials one should be aware that a mutant — and 
especially macro-mutants - may-behave as a new ecotype, responding differently from the mother 
variety to specific environmental conditions (Gustafsson, 1954; Gelin, 1955; Hagberg, Persson 

143 



and Wiberg, 1963; Dormling et al., 1966; Sidorova and Khvostova, 1972; Bogyo et al., 1973; 
Gustafsson, Dormling and Ekmann, 1973; Gottschalk, 1976; Gustafsson and Lundqvist, 1976). 
Mutants of growth rhythm, growth habit, stature and yield components should therefore be tested 
at first in a wide range of environments, i.e. locations, soils, water and nutrient conditions, seed 
rates, planting distances, sowing dates etc. In the first trials the number of replications per mutant 
can be reduced in favour of a higher number of treatments and locations. Inter-varietal competition 
is expected when neighbouring plots differ widely in stature and/or growth rhythm and the mutant 
growing type is rare among the varieties tested. It is not predictable whether, for example, the 
taller or the shorter varieties have an advantage in a particular trial. Competition effects can be 
diminished by an appropriate shape and size of the plots and by excluding border rows from plot 
evaluation. 

Nearly all mutations have pleiotropic effects on various agricultural characters and they are 
usually more serious in the case of macro-mutations. These effects have to be checked from the 
beginning and their behaviour has to be studied with great care since the practical value of a 
selected mutant may finally depend on favourable or unfavourable characters connected with the 
mutant by linkage or pleiotropism. From most mutation experiments only a few macro-mutants 
appear worth testing on a large scale. The problems regarding field testing of micro-mutants are to 
some extent comparable with those with lines obtained by intra-strain or intra-varietal selection. 
In this case many variants have to be tested for several years and in many locations before the 
breeder can evaluate his material and can decide whether a mutant is good enough to replace the 
parent variety, or to be at least incorporated into the original variety as a new complementing line 
which might extend the area of adaptation. 

Mutant varieties will be finally certificated and released in the same way as other varieties of 
the particular crop and according to the breeders' rules of the particular country. The most 
important details of the breeding procedure should be entered in the official form, i.e. origin and 
descendence of the treated material (number of generations after a cross), organs treated, pre-
and/or post-treatments, mutagen and dose used, M-generation of the first selection etc., and the 
morphological and physiological differences between the mutant and its mother line. These and 
other items may be of great value in constituting the basic information for a realistic picture of the 
successes obtained by different methods of mutation breeding. 

7.3.3. Recording of experiments and documentation of mutants 

7.3.3.1. Recording of experiments 

Anyone doing research today is aware of the usefulness of planning his experiments on the 
basis of results reported by others; all such relevant facts should be stated when reports are 
written, and the results should always be presented in a clear, understandable way and should 
include all important details. Much of the terminology applicable in mutagenesis experiments is 
coming into standard usage. Methods, however, are not yet standardized and advances in mutation 
breeding would certainly be speeded up if there were more co-ordination of research on the basis 
of improved standardized methods. 

It is especially important that careful consideration be given to conducting experiments, as 
well as reporting them in publications, according to a standardized plan. An excellent example may 
be found in the series of papers by Gregory and associates (1968). With minor additions for the 
purpose of organization, an outline is given below. 

I. Experiment Identification: Experimental station, main investigators, experiment number, 
date, etc. 

II. Experiment Title 
III. Specific Objectives 



IV. Material and Methods 
A. Constants in experiment: 

1. Material: 
(a) Biological material (name, identification number and pedigree if appropriate); 

indicate source, composition (bulk or line(s)), etc. 
(b) Mutagen(s), source, tests to ensure purity, etc. 

2. Methods: 
(a) Pre-treatment(s), including preparation for treatments. 
(b) Treatment(s) 

(1) Mutagen dose(s) 
(i) Radiations, rate and time(s), distance from source. 
(ii) Chemicals - concentration(s), time(s), composition and amount of 

treatment solution, etc. 
(2) Conditions of treatment(s) 

(c) Post-treatments 

B. Experimental variables: Record treatment and replicate numbers in sequence depending 
on the specific experimental variables, presenting the detail of experimental design 
relative to specific objectives; arrange variables (whether materials and/or methods, 
treatments and replicates) as per the above listing. 

V. Results 
VI. Summary and Conclusions 
VII. References. 

7.3.3.2. The designation of mutants and record of their source and/or experimental origin 

Universal understanding of the history and genetic background of induced mutations would 
be facilitated were international standard methods for designation and recording of mutations in 
use. These methods could be based on procedures already in common use, but should be adapted 
to permit future computer processing. Accordingly, genetic stocks are to be designated in three 
ways, which differ largely in their brevity and adaptability to systematic and orderly handling. 
The designations must be cross-referenced with one another. These ways are: (1) registration 
number(s), (2) name or brief designation, and (3) genetic background (variety name or pedigree of 
unnamed stock) and selection history. In addition to these designations, the source and/or 
experimental origin of the mutant has to be recorded. 

The genetic background in which a mutation is induced (or occurs spontaneously) is an 
important item of information to the breeder or geneticist. Most important are: the complete 
name and identification number (as per CI number) of the 'parent' variety, and if the 'parent' 
stock is an unnamed selection, its complete pedigree should be presented. The selection numbers 
or designations of the specific strain and of the selections made in isolating the specific mutant 
line may be added. A standard method for illustrating plant pedigrees has been proposed by 
Pu rdye t a l . (1968). 

In the record of the experimental origin and/or source the mutagen, dose and experimental 
conditions, including pre-treatment, treatment and post-treatments, should be identified, and 
whenever possible an estimate of the severity of the effect of the treatment on the population 
treated should be given. The following list may serve as a guide: 

A. Record of mutation stocks: 

(1) The experiment number 
(2) Treatment year 
(3) Country and station of researcher or group 
(4) Researcher or group name 
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(5) Treatment number 
(6) Progeny number 
(7) Mutant number 
(8) Mutagen name, as well as those items listed below: 

B. Record of experimental conditions: • 

(1) Mutagen dose: radiation - time, intensity, energy etc. 
chemicals — concentration, treatment time 

(2) Moisture content of tissues, seeds etc. 
(3) Pre-treatment, media composition, conditions, time, temperature, pH etc. 
(4) Post-treatments, media composition, time, temperature, pH etc. 
(5) General severity of treatment effects — record as low, moderate, high for (1) growth 

injury, (2) reduction in survival, (3) sterility, and (4) yield of mutations. 

7.4. FACTORS INFLUENCING THE MUTANT SPECTRUM AND THE QUALITY OF MUTANTS 

7.4.1. Differences depending on the genotype 

Much evidence exists that genetic differences, even though they are as small as single gene 
differences, can induce significant changes in radiosensitivity, which influence not only the total rate 
but also the spectrum of recoverable mutations. (Gustafsson, 1944, 1947, 1965; Gustafsson and 
Tedin, 1954; Nilan, 1956; Lamprecht, 1956, 1958a; Gelin, Ehrenberg and Blixt, 1958; Smith, 
1961a; Sparrow, 1961; Konzak et al., 1961a; Sparrow et al., 1965). Although nobody is able to 
predict the influence of a particular genotype on the mutation spectrum, the choice of the parent 
material is certainly a most decisive part of any programme in mutation breeding (MacKey, 1060a,b). 

More definitive information is available with regard to the influence of the ploidy level on the 
mutation spectrum. In diploid species the great majority of mutations are recessive with the mono-
hybrid mode of inheritance. However, deviation from the normal 3 :1 ratio because of a deficiency 
of recessives was observed very frequently. Dominant vital mutations occur very rarely and then 
they are mostly lethal or semi-lethal in the homozygous condition. (Gustafsson, 1938 and later; 
Moh and Smith, 1951; Hagberg, 1953; Lamprecht, 1955; Stubbe, 1957,1958,1959; Scholz and 
Lehmann, 1958, 1959, 1961, 1962; Gaul, 1964). In contrast to diploid organisms, a high degree 
of genes are re-duplicated in polyploids, which increases their ability to bear gross chromosome 
aberrations. This results in the more frequent discovery of dominant and semi-dominant mutations. 
Phenotypic buffering is another property of polyploids that restricts mutability of many characters, 
especially those essential for the whole life of the plant (e.g. the process of chlorophyll formation). 
Thus, chlorophyll mutations decrease with the increasing level of ploidy (Stadler, 1929); however, 
the total rate of mutation increases. For example, in Triticum the total mutation rate was about 
three times higher in hexaploid wheat than in tetra- and diploid (MacKey, 1954c, 1959,1960a,b, 
1962). Similar results were found in Avena (Caldecott et al., 1965). 

Differences in mutagenic response also exist between species of the same level of ploidy and 
between varieties within the same species. Different monosomies of Tr. aestivum showed 
differences in mutation frequency owing to factors controlling the chlorophyll development 
(Tsunewaki and Heyne, 1959; Jagathesan and Swaminathan, 1961; Swaminathan, 1965a). 

Hagberg, Gustafsson and Ehrenberg (1958) and Hagberg (1959) found different erectoides 
loci that were more or less stable in different varieties of barley. Borojevic (1964) noticed 
differences in the frequency of mutation between varieties of Tr. aestivum vulgare, and Enken 
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(1966a,b) concluded that the closer the varieties are in their genotypes, the greater is the similarity 
in their spectra and frequency of mutation. 

In studies of induced mutations in quantitative characters differences in the ploidy level were 
not so important as the genotype at the same ploidy level (Frey and Gonzales, cited by Frey, 1965; 
Scossiroli, 1965). It seems that genetic variability in the background of a genotype is important. 
According to Gregory (1960) and Emery, Gregory and Loesch (1965), those characters that showed 
greater variability in the background could be improved more easily and give better expectation of 
mutant improvement. Several authors demonstrated that it is more difficult to induce an 
improvement in the direction in which parental material has been bred (Konzak, 1956a; MacKey, 
1959; Favret, 1965; Brock, 1965). 

In biennial or perennial plant species it seems recommendable to use early flowering strains for 
mutagenic treatment and to harvest seeds from the M[ plants in the first season. Any valuable 
mutant characters can be transferred later quite easily to late strains, if they are of particular 
breeding value (Micke, 1966). 

Heterozygosity as a genotypic property can influence the type and frequency of mutation, too. 
Many polyploids are less sensitive to chromosome aberrations if they are in heterozygous condition 
(MacKey, 1960a,b). There are other experimental data that show that the variability obtained 
through irradiation of hybrid material amounted only from 72 to 77% of the variability obtained 
by adding two independent estimates of variation from irradiation and hybridization (Gregory, 
1960; Krull and Frey, 1961). 

The importance of the original genotype for the success of mutation breeding can certainly 
not be more stressed than by a statement by Gregory (1960); "The chief limiting factor in 
mutation production and mutant recovery is the genie constitution of the experimental organism 
and not the type of mutagen used. Thus, for the plant breeder, a knowledge of what might be 
called mutant expectations in his material may be more important than a resolution of the 
mechanism of mutational change at the submicroscopic level." 

7.4.2. Type of mutagen and dose 

In the early times of mutation research it was hoped to find mutagens that specifically affect 
particular genes and change them in a desired direction. Since it was soon realized that ionizing 
radiations act more or less at random if applied to genetic material, the hope was directed to 
chemical mutagens. It was assumed that particular chemical reactions would take place between a 
mutagen and a gene, which would then result in a particular genetic change if only the right 
chemical mutagen had been applied. 

Evidence for such reactions has been collected from experiments with microorganisms (for 
review, see Auerbach, 1960; Westergaard, 1960). However, specific reactions can take place 
apparently only with the four nuclear bases that are the building bricks of the genes. 

On the other hand, there is plenty of evidence that the spectrum of induced mutations and of 
recoverable mutants is not alike if different mutagens are applied (Nilan, 1966c; Smith, 1961a). 

Hundreds of papers have been published in which the authors listed the relative frequencies 
of different phenotypes of leaf-colour mutants. (Often they are called chlorophyll mutants, which, 
in several cases, is not correct.) It must be admitted that many of those reports were not conclusive 
because of a statistically insufficient number of mutational events. However, even if a number of 
reports are neglected for that particular reason, the remaining results are sufficient to state (Nilan 
and Konzak, 1961; Ehrenberg, Gustafsson and Lundqvist, 1961; Gustafsson, 1963) that the 
spectrum of leaf-colour mutants after neutron treatment differs from that after gamma-ray treat-
ment, and that the mutant spectrum of several chemical mutagens differs from others and from 
physical mutagens (Smith, 1961a; Nilan, 1966c; Westergaard, 1960). 
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The reason for such differences in the mutant spectrum may lie only to a small extent in 
different mutations induced in the chromosomes. It is much more likely that many of these 
differences are the result of a different ratio between gene mutations, small deficiencies and 
chromosomal aberrations. The latter may produce another group of phenotypes than the former 
and in addition they may affect the mutation spectrum by enhancing diplontic and haplontic 
selection. It is, for instance, known that densely ionizing radiations like neutrons produce in 
barley relatively more mutations of the albina and xantha type, whereas after gamma-ray treatment 
the frequency of mutants of the viridis type is highest. 

These relative differences in types of leaf-colour mutations can be taken as an indication that 
it is worthwhile using several mutagens in mutation work, since it might well be that a particular 
desirable mutant arises much more rarely from treatment with one mutagen, but more frequently 
with others. Thus, the chance of selecting desired mutants might be considerably increased. 

The investigation of leaf-colour mutants in seedlings is considerably limited since it is rare for 
the mutant phenotypes described to be genetically identified. Such spectra consequently 
comprise groups of mutations with similar phenotypes rather than mutations in well-known loci. 
Estimates have been made that, for example, for the albina type in barley more than 200 different 
loci can be responsible (Nilan, 1966c). 

Mutation spectra of identifiable loci are very difficult to establish in higher plants because of 
the tremendous amount of plant material that has to be checked to get statistically significant 
results. One of the best examples for such an investigation is the eceriferum mutation programme 
in Sweden, in which more than 380 mutations have now been selected and analysed and attributed 
to 44 loci (Lundqvist and von Wettstein, 1962; Lundqvist, von Wettstein-Knowles and von Wettstein, 
1968; von Wettstein, Lundqvist and von Wettstein-Knowles, 1968). These experiments show 
clearly different mutation rates of specific loci for different mutagens. 

It has also been claimed by Hagberg, Gustafsson and Ehrenberg (1958) and Gustafsson (1963) 
that erectoides mutants show some mutagen specificity with regard to the mutated locus. However, 
besides the mutagen, other factors also affect the mutant spectrum and the quality of induced 
mutants. The application of oxygen additional to gamma irradiation increases chromosomal 
aberrations and consequently affects the mutant spectrum in much the same way as densely 
ionizing radiations (Moutschen-Dahmen, Moutschen-Dahmen and Ehrenberg, 1959). Therefore, 
any treatment that differentially modifies the radiosensitivity might also modify the mutant 
spectrum (Gladstons and Francis, 1965). If more knowledge is gathered in this respect, it might 
well be that not only several mutagens but also several modifying treatments will be recommended 
for successful mutation breeding. 

Another problem is the mutant quality as affected by the number of mutation events that 
took part in the same meristematic cell at the time of treatment and are transmitted to later 
generations. The majority of artificially induced genetic changes in crop plants act contrarily to the 
direction of previous selection and are therefore mostly undesirable. (Brock, 1965.) The ratio of 
desirable to undesired ones may be 1 :100 or 1 :1000, depending on the particular crop, the breeding 
objectives, etc. However, it is obvious that the number of mutant plants that carry only desirable 
changes will further strikingly decrease if more than one mutation per cell is induced (Hansel, 
1966,1967). Several measures can be taken to avoid this undesirable result. First of all, one 
should not apply too high a dose of any mutagen. Secondly, one should seriously consider that 
super-mutagens, which give mutation rates of 50% and more on the basis of plant or spike progenies, 
may not be at all advantageous for mutation-breeding purposes. Thirdly, if high mutation rates have 
been induced, they should be allowed to segregate, and selection for useful types should be done in 
M3 or later generations (Hansel, 1966). However, one should realize that the latter technique will 
not eliminate those undesired mutations that are closely linked with a desired character in the same 
chromosome. 

Probably the warning against too high a dose and too effective mutagens should also be 
extended to recurrent irradiation. In such experiments the number of recoverable mutants can be 
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increased, but since the number of multiple mutations also increases, the mutant quality from the 
breeding point of view may decrease (Micke, 1969b). It would seem wiser to allow segregation of 
mutation material, or to put the same effort as for repeated mutagenic treatments into crosses of 
deviating plants selected in the M2 generation for purification of the mutant character, or transfer 
of the mutated locus into another genetic environment. Both actions might change the quality of 
a mutant in the desired direction (see section 11). 

7.4.3. Pleiotropy and linkage 

If one looks carefully at the results of mutation experiments, it seems to be nearly impossible 
to find a mutant organism that shows only one single divergent peculiarity compared with its initial 
line. In most cases a group of distinct anomalies can be observed and this group as a whole is 
transferred from one generation to the next showing a 3 :1 segregation. 

Theoretically, there are three possible interpretations for this behaviour: 

(1) A single mutant gene is responsible for the whole complex of deviating characters 
(2) A tiny portion of a chromosome has been lost containing several genes 
(3) Several closely linked or neighbouring genes have mutated. 

A monohybrid segregation will occur in all these cases but only the first one is a true example 
of a pleiotropic gene action. The other two events simulate a pleiotropic effect of one gene, 
although several genes are lost or altered. It is practically impossible in most cases to state which 
of these possibilities is realized; therefore, the term 'pleiotropic gene action' is commonly used in 
the literature for the whole group of these phenomena. Quite often, true pleiotropism may be 
realized but there is no doubt that not only minute deficiencies but also a more or less simultaneous 
mutation of closely linked genes frequently arises by application of mutagenic agents (Gottschalk, 
1964, 1968, 1976). Although there is plenty of evidence for a differential chromosome-breaking 
ability of different mutagens, there are so far no systematic studies regarding the extent to which 
pleiotropic effects are associated with mutations induced by a particular mutagen. 

This 'pleitropic gene action' is a serious handicap in the practical performance of mutation 
breeding. A large number of progressive mutants of different cultivated plants cannot be used for 
practical breeding purposes because some negative features are combined with the as such useful 
character. If the whole spectrum of phenotypic alterations is really due to the action of one single 
gene, there may be no hope of using the positive feature for practical breeding, because it cannot 
be separated from the negative ones. 

However, there is some evidence from experiments that specific details of such a true pleiotropic 
spectrum can be altered by transferring the mutated gene into a different genetic background 
(Hesemann and Gaul, 1967; Gaul and Lind, 1976). Therefore, if a really important and valuable 
new character is part of a pleiotropic spectrum, the mutant should be crossed with a large number 
of different varieties or strains of the respective species in order to reduce the intensity or the 
strength of the negative characters of the spectrum in a particular genotypic composition. 

If 'pleiotropic mutation' is due to a deficiency, there is no possibility of a partial repair. But 
if such a complex is caused by two or more independently functioning neighbouring genes, it is in 
principle possible to separate the positive and negative characters by means of crossing-over. Some 
examples are known in which such a separation could be achieved (Gottschalk, 1968). However, 
the frequency of such a crossing-over will be extremely low because of the very close linkage of the 
genes in question, and only for particular important breeding goals that cannot be reached otherwise 
might it be worth looking for such a crossover. 
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Finally, it should be mentioned that many characters of a plant organism are controlled by 
polygenic systems and that different genes of such a system often develop distinguishing pleitropic 
spectra, as could be shown, for instance, for the numerous erectoides loci in barley (Persson and 
Hagberg, 1969). A specific useful character belonging to the broad, unfavourable pleiotropic 
spectrum of gene a may likewise be realized by gene b but not combined here with a negative 
feature. 

7.5. HOW TO BREED IMPROVED VARIETIES BY USING INDUCED MUTATIONS 

There are many ways to arrive at new varieties suitable for agricultural or horticultural 
production, whether using germ plasm inherited from natural evolution, utilizing genetic variability 
augmented by hybridization, resorting to mutagen-induced genetic alterations, or employing a 
combination of all of them. The variations of mutation-breeding programmes may be just as 
numerous as among other types of breeding programmes, depending upon the plant species, the 
primary and secondary objectives, the facilities available and last not least the predilection of the 
breeder. Some of the various possibilities may be demonstrated by examples of procedures, which 
were used by breeders in different parts of the world and on different crop species, to successfully 
develop improved cultivars. 

Until 1975, 123 such cultivars were known to have been developed in seed-propagated crop 
plants, 87 by using the original mutant genotypes, 36 by using induced mutants in cross-breeding 
(Micke, 1976). The few examples given are based upon information received from the breeders 
or other persons involved in the work. Mentioning of a particular cultivar or description of breeding 
procedures do not imply a judgement on the cultivar's value nor a recommendation of the 
particular breeding procedures. 

7.5.1. Barley cultivar 'Balder J', Department of Plant Breeding, Agricultural Research Centre 
Jokioinen (K. Multamaki, personal communication) 

1946 225 g seeds of the cultivar 'Balder' were germinated 36 h before irradiation with 
6000 R X-rays. The objective was to obtain mutants with increased yielding capacity, 
better straw-stiffness and improved tolerance to cultivation under poorer growing 
conditions. 

1947 M2 population grown, containing several mutants. 

1948 Selection of line Jo 0686 in M 3 . 

1949-51 Tests with line Jo 0686 and multiplication. 

1952—53 Comparative trials at breeding station. 

1954—59 Multilocation trials in South and Central Finland. 

1960 Cultivar 'Balder J ' released. Compared with 'Balder', the new cultivar has higher yield, 
less demanding growth requirements, greater drought resistance, better sprouting 
resistance, slightly greater 1000-kemel weight. 

1 9 6 1 - 7 0 Nearly 1 million kilograms of 'Balder J ' seeds were marketed by the Jokioinen Seed 
Centre. Thereafter 'Balder J ' was replaced by newer malting barley cultivars in Finland. 
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7.5.2. Navy pea bean cultivar 'Sanilac', Michigan State University (A.L. Andersen and 
M.W. Adams, personal communication) 

1915 

1925 

1937 

1949 

1950 

1950 

1950 

1950 

1951 

1951 

1951 

1952 

1953 

1953-54 

1954 

1954-55 

1955 

1955-56 

1956 

1957 

1958 

A mosaic-resistant navy pea bean selected from a mixed population of beans by 
F.A. Spragg was introduced as the variety 'ROBUST'. 

E.E. Down made several crosses between Robust and other Michigan varieties. 
Among them were the following crosses: 

ROBUST X CRAWFORD ROBUST X EARLY PROLIFIC 

After several single plant selections 
and many field tests: 

Selection 50021 MICHELITE (introduced) 

1 
Seed treated with X-rays 

I 
Small bush mutant selected 

I 
After 3 backcrosse's to Michelite and 3 generations of 
selections a large early bush type was recovered 

SEL. 50021 X EMERSON 847 (an anthracnose-resistant bean from New York) 

F, X Bush \ / 
F, X Bush 
\ / 

BC, X Bush \ / BC, X Bush 
\ • 

BC3 / 
F2BC3 
/ 

F^BCa 

(10 ft rows) F4BC3 (Bunched) 

3-row, 3-replicate test plots (Plot 3914) 

(winter) I t seed increased in Florida 

30 increase in Idaho to free seed of 
bacterial blight 
(winter) j 
20 acres grown in Michigan 

Canning tests by 2 canning companies 

Yield test plots 

Canning tests 

Over-state yield tests 

Canning tests 

Bean selection named 'SANILAC' and released to Over-state yield tests 
Michigan Foundation Seed Association 
(150 acres planted in Michigan). 

Beans grown by certified seed growers of Michigan Crop Improvement Association. 

Seed of the variety Sanilac available to all bean growers in Michigan and elsewhere. 
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Of about 250000 ha of navy beans in the USA in 1969, about 87 000 ha were grown of the 
cultivar Sanilac and a total of about 160 000 ha were planted with the cultivars Gratiot and 
Sea-way developed likewise by cross-breeding with a Michelite mutant. 

7.5.3. Wheat cultivar 'Stadler', Missouri Agricultural Experiment Station, Columbia, Mo. 
(Hayward and Poehlmann, 1967; J.M. Poehlmann, personal communication) 

The parent was a high yielding, winter hardy line with soft wheat quality, tall and vigorous 
(Mo.W6243). The line was selected from a cross Thorne X Clarkan made in 1942, but was never 
released as a cultivar due to its height. 

1955 200 g seeds irradiated with thermal neutrons (15 kR) at Brookhaven National 
Laboratory with the primary objective to assess the range of mutations that might be 
observed, but specifically to look for shorter strawed mutants. 

1956 Seeds were reirradiated in the following generation. M, was harvested as bulk. 

1957 Vigorous single plants selected in space planted M2. 

1958—60 Testing of mutants and seed increase. 

1961—65 Yield trials at 4 locations in Missouri. 

1964 Cultivar Stadler officially released. It was described as early ripening, midtall, high 
yielding, resistant to prevalent races of leaf rust and loose smut, but susceptible to 
stem rust, powdery mildew and to Hessian fly, better lodging resistant than cultivars 
of same height due to stiffer straw. 

An estimated 2 million acres were grown in an 8-year period following release of the 
cultivar. 

7.5.4. Winter barley cultivar 'Pennrad', Pennsylvania Agricultural Experiment Station, University 
Park, Pa. (Pfeifer, 1965; personal communication) 

1956 500 g seeds of cultivar 'Hudson' treated with thermal neutrons at Brookhaven 

National Laboratory. 

1957 Mi grown as bulk, single plant heads harvested. 

1958 M2 grown head-to-row in 3 foot rows. Awnletted plants selected in one progeny. 

1959 M3 : 100 head-rows of awnletted mutants, seeds harvested from 96 pure lines. 

1960 96 head-rows in 16 foot rows. 
8 head-rows in replicated yield trial. 

53 head-rows harvested (5 bushels of seed). 

1961 5 acres planted from 53 lines. 
Seeds of 36 non-segregating lines bulked at harvest, designated breeder seed and 
named 'Pennrad'. 

1963 Variety officially released. It was described as being awnletted, but equal to 'Hudson' 
in terms of yield, winter-hardiness, plant height, maturity, scald-resistance, mildew 
and net blotch susceptibility. 

1966 -72 Estimated production about 100 000 ha, primarily in Pennsylvania, Maryland, 
New Jersey, Virginia, West Virginia, Ohio and New York. 
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7.5.5. Rice cultivar 'Jagannath', Central Rice Research Institute Cuttack, Orissa, India 
(H.K. Mohanty and S.S. Misra, personal communication) 

To improve its lodging resistance 60 g dry unhusked seeds of the variety T141 were treated 
with 10 kR X-rays. The parent cultivar T141 was a pure line selection from the local variety 
'Saruchinamali', which takes about 150 days from sowing to maturity under transplanting conditions 
and can yield up to 4 t/ha. 

1956 M, generation sown in the nursery and after 30 days transplanted in 32-hill rows with 
a spacing of about 20 X 30 cm. About 1000 M, plants grown, of which were 
ca. 900 harvested separately. 

1957 M2 seeds sown first in the nursery and then transplanted with a spacing of 30 X 60 cm, 
one seedling transplanted per hill. Observations on flowering, plant height, panicle 
number, spikelet fertility, etc. and selection of 300 plants with higher fertility and 
erect habit were made. 

1958 M3 as single plant progenies 20 X 30 cm, 32 plants per row. One line, No. 873, 
identified with short culms, short deep-green leaves and erect plant type. 8 plants of 
this line were selected on the basis of higher tillering and best spikelet fertility. As 
these plants were quite similar, they were bulked to constitute strain BBS 873 (1958). 

1959 M4: strain BBS 873 (1958) multiplied for comparative yield trials involving parent 
cultivar (T141) and a number of other promising selections. BBS 873 outyielded 
parent cultivar and other strains at 75 and 100 kg N/ha, giving at the highest N level 
about 50% more yield than the parent cultivar. 

1960 In M s about 2% tall segregants were observed in the plots of BBS 873. Single plant 
selections were resumed and continued for five generations to achieve stability for 
short plant height. 

1967—68 BBS 873 included in country-wide multilocation yield trials under the All-India-
Coordinated-Rice-Improvement-Project (AICRIP). The mutant variety was top 
yielder at the majority of best sites and was of superior grain quality compared to 
other short height varieties of the same maturity group (more than 150 days). 

1969 Cultivar released under the name 'Jagannath' for commercial planting by Central 
Variety Release Committee and recommended especially for water-logged and low-
lying lands of Eastern India, coastal Andhra Pradesh and pajts of Tamil Nadu. 

In the 1973 Kharif season about 14 000 ha were planted with this cultivar in the Indian state 
of Orissa and neighbouring states (S.Y. Padmanabhan, personal communication). 

7.5.6. Barley cultivar 'Diamant', Plant Breeding Station Branisovice, CSSR (Bouma, 1967; 
personal communication) 

1956 6000 dry seeds of barley cultivar 'Valticky' were irradiated with gamma rays and 
the M, plants were harvested individually. 

1957 M2 grown as plant progenies. In one progeny, No. 228 (10000R), higher tillering, 
short straw mutants were detected. 

1958-61 Progeny testing and seed increase. 

1962 -64 State variety trials including stock VRz at multiple locations, demonstrating 10% 
higher yields than other cultivars in the average of 31 trials. 

1965 New cultivar 'Diamant' registered in Czechoslovakia, differing from 'Valticky' by 
the following characters: 
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(a) Tillering 1 0 - 1 4 days delayed 
(b) Number of fertile tillers increased by 2 - 3 
(c) Culm 10—15 cm shorter due to shorter intemodes 
(d) About 10% higher yield, but equal quality of grain and malt. 

1969—72 Several hundred thousand hectares grown with yields of about 0.5 t/ha higher than 
other cultivars. Used also extensively as a cross-breeding parent, resulting in further 
improved cultivars such as Ametyst, Hano and Favorit (CSSR), Trumpf and Nadja 
(GDR). 

7.5.7. Durum wheat cultivars 'Castelporziano' and 'Castelfusano' (CNEN Agricultural Laboratory 
Casaccia, Italy (Scarascia-Mugnozza, 1968; G.T. Scarascia-Mugnozza and D. Bagnara, 
personal communication) 

1956 To improve lodging resistance of the high quality durum wheat cultivar 'Capelli', 
seeds were treated with thermal neutrons ( 0 . 8 - 1 . 0 X 1 0 " cm"2). 

1957 M2 grown as spike progenies. Mutants visually selected. 

1958 M3 : confirmation of selected mutants. 

1959 M4: multiplication of promising short straw mutants. 

1 9 6 0 - 6 4 Field trials with mutant lines at several locations, reducing the number of promising 
mutants from 38 to 4. 

1 9 6 5 - 6 8 Testing of best mutants in FAO/IAEA/CNEN Near East Uniform Regional Trials 
at up to 22 locations. 

1968 (a) Release of mutant Cp B 132 as cultivar 'Castelporziano' carrying a dominant 
mutation for shorter culm (about 30 cm shorter than Capelli, mainly due to 
shortening the uppermost intemode). Compared with Capelli, the new 
cultivar is much more lodging resistant, has a shorter spike length, slightly higher 
number of grain per spikelet, an increase in 'yellow berry' percentage, heads 
about 2 days later, and gives about 18% higher yield, 

(b) Release of mutant Cp C 48 as cultivar 'Castelfusano' having about 15 cm shorter 
culm length (recessively inherited), correspondingly improved lodging resistance, 
reduced spike length but increased number of grain per spike and about 13% 
higher yield. 

Both mutant cultivars carry a reciprocal chromosome translocation, but in different chromo-
some pairs. They maintain essentially the good pasta-making quality of the parent cultivar. In 
1969 about 1600 ha and in 1970 about 4000 ha were sown with both cultivars. In comparison 
with other short culm tetraploid wheats derived from crosses with semi-dwarf hexaploid wheats, 
the durum wheat mutants have a longer coleoptile, which makes them valuable germ plasm in 
breeding for better seedling emergence (Porceddu and Scarascia-Mugnozza, 1974). Both mutants 
were extensively used in cross-breeding. From a cross 'Castelporziano' X 'Lakota' (USA) a new 
cultivar T i t o ' was developed and released in Italy in 1975. 

7.5.8. Barley cultivars 'Gamma No. 4 ' and Nirasaki Nijo 8, Kirin Brewery Ltd., Japan 
(H. Yamaguchi, personal communication) 

(a) Gamma No. 4 

1958 With the objective of obtaining lodging resistant and earlier ripening mutants, 
480 air-dried dormant seeds of the malting barley cultivar 'Kirin Choku No. 1' were 
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irradiated with 15 kR of 6 0Co gamma rays.- They were planted in the field immediately 
thereafter. The survival rate was approximately 40%. Three of the best spikes per 
plant were harvested. i 

1959 Only fertile spikes were used for M2 spike progenies (12—15 plants per spike — row). 
Selection for short stem mutants. Additional notes were taken on those mutants. 

1960 M3 plant progenies of selected M2 plants were grown for confirmation. Five true 
breeding mutant progenies were selected. 

1 9 6 1 - 6 2 M4.s: evaluation of 5 mutant lines in comparison with parent variety with replicated 
plots. One mutant selected as most promising. 

1963-64 M 6 . 7 : Mutant 33 y 4, named Gamma No. 4 and tested further for its performance, 
was found to have fewer grains per head, but more spikes per metre, being equal in 
yield to Kirin Choku No. 1. 

1965 Gamma No. 4 released for commercial production. Cultivation of 120 ha, increasing 
to 230 ha in 1966 and 410 ha in 1967, then decreasing due to replacement by newer 
cultivars. 

(b) Nirasaki Nijo 8 

1959 750 seeds of the same parent cultivar given similar radiation treatment. 

1961 One 3 days earlier ripening mutant selected (No. 34 y 127) and crossed with mutant 
Gamma No. 4 (cf. above). 

1962 F, sown in boxes and later transplanted to the field. 

1963 F j population of 470 plants. 25 plants selected for early ripening and short stem 
( ~ 5.3%). 

1964 F3 grown as plant progenies to ascertain true breeding. No segregation observed. The 
three most promising lines were selected. 

1965 F4 : one line was selected for the best agronomic performance and named 
'Gamma No. 8'. 

1966 Multiplication. 

1967 Release of cultivar under the name 'Nirasaki Nijo No. 8', being about 5 days earlier in 
ripening and having 2 0 - 2 5 cm shorter culms (2 lowest internodes shortened) 
compared with the original variety 'Kirin Choku No. 1' but having an equal yield and 
malting quality. 

7.5.9. Soybean cultivar 'Raiden', National Regional Tohoku Experiment Station, Japan 
(Kawai, 1967) 

1960 With the objective of obtaining earlier ripening and better lodging resistance of the 
high yielding, nematode-resistant cultivar 'Nemashirazu', about 50 000 dry seeds of 
cultivar were treated with 10 kR of 6 0Co 7-rays. 

1961 M2 generation (about 44 000 plants) grown as bulk. 
135 early maturing plants selected. 

1962—63 Confirmation and testing of promising mutants. 

1964—65 Yield trials with 2 early mutant lines at 32 different locations. 

1966 Official release of one mutant, Tohoku No. 27, as cultivar 'Raiden', having nematode 
and virus resistance, high yield and good quality from original cultivar, with 8 days 
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earlier flowering and 25 days earlier maturity, higher lodging resistance through 
shorter culm, but slightly smaller grain added by mutation. 

7.5.10. Barley cultivar 'Luther', Washington State Agricultural Exp. Station, Pullman, USA 
(Nilan and Muir, 1967; Nilan, 1966, 1972a, and personal communication) 

1961 Roughly 200 g seeds of the 6-row feed barley cultivar 'Alpine' were treated with 
diethyl sulphate (0.0038M for 2 h) to reduce straw length and improve straw strength 
without altering the long head spikes of 'Alpine'. The M, generation was grown 
in isolation. 

1962 In M2 8 plants were selected with shorter straw than Alpine. 

1963 Confirmation of mutants in M3; the 3 most promising ones selected for further 
testing. 

1964—65 Tests with mutants. Two were found to be superior in yield in Alpine. 

1966 Release of new cultivar 'Luther ' with 10—20% increased yield compared with 
'Alpine' due to higher tillering and better lodging resistance. 

1967 Luther in commercial production as winter barley in the states of Washington, 
Oregon and Idaho. 

1 9 6 8 - 7 0 Rapid increase in acreage from 10 000 to 42 000 to 120 000 acres. In 1970 increased 
income estimated as US$9 per acre over 'Alpine', resulting in a gain of US$ 1080000 
in one year for the three Pacific Northwest States of the USA. 

7.5.11. Rice cultivars 'Iratom 24' and 'Iratom 38', Atomic Energy Centre Dacca, Bangladesh 
(Haqetal. , 1971; Rahman et al., 1973; M.S. Haq, personal communication) 

1966—67 100 000 dry dormant seeds of the cultivar ' IR8' were treated with 30 kR gamma rays. 
The main objectives were to produce a mutant ripening earlier than ' IR8' and having 
better disease resistance, while maintaining its yield potential and other good 
properties. Under Bangladesh conditions IR8 takes 160—180 days in the Boro season 
(November—May) and 140—150 days in the Aus season (April—August), whereas it 
ripens at the location of its origin in the Philippines within about 120 days. 300 plants 
with highly fertile panicles were selected from the densely planted M, population. 

1967—68 M2: selected plants were grown as plant-progeny rows, the bulk in rows 1 0 X 8 inches 
apart. Selection of 39 early ripening mutants from among about 10 000 plants. 

1968 M3 progeny tests of 39 selected M2 plants. 
Only plants with yield and plant type like IR8 but at least 15 days earlier ripening and 
sufficient resistance or tolerance to bacterial leaf blight were retained for further tests. 

1968—69 M4: preliminary unreplicated yield trial. Minor segregation for flowering time was 
observed and hence panicle selection was made to attain uniformity in flowering and 
maturity. 

1969—70 M5— M6 : 4 out of 39 originally selected early mutants were put under replicated 
multilocation yield trials with best available varieties. Mutant selections Nos 24 and 39 
performed best. 

1970—71 Multilocational yield trials with Nos 24 and 39; inclusion of mutant stocks in inter-
national trial by International Rice Research Institute. 

1971 —72 Tests by farmers in 30 locations. 
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1972 Selections Nos 24 and 38 were named IRATOM 24 and IRATOM 38 and released for 
commercial production. 

1973 In the Boro season 400 hectares of both cultivars were grown spread over 12 out of 
20 districts of Bangladesh. 

1974 Estimated cultivation of 1000 ha. 

Compared with the parent cultivar IR8, the mutant cultivars had the following characteristics 
(based upon the 5-year average): 

IRATOM 24: 2 - 3 weeks earlier ripening, 1 - 2 cm taller culms, slightly higher protein content, 
yield 7.4 as against 6.8 t/ha in the Boro season and 5.5 as against 5.3 t/ha in the 
Aus season (5-year average). 

IRATOM 38: 4—5 weeks earlier ripening, 2 - 3 cm shorter culms, 2 - 4 fertile tillers less per plant, 
panicles about 2 cm shorter, slightly fewer grains per panicle and slightly reduced 
1000-grain weight, yield 4.6 as against 5.3 t /ha in the Aus season and 6.3 as against 
6.8 t/ha in the Boro season. Protein content about 10% as against about 8.2% 
in IR8. 
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8. INDUCED-MUTANT TECHNIQUES IN 
BREEDING ASEXUALLY PROPAGATED PLANTS 

A great number of plants are propagated asexually, such as ornamentals, tress and shrubs, fruits 
(both temperate and tropical), root and tuber crops and sugar cane. Several are important food 
crops, others are important cash crops. Ornamentals belong to the latter group and are frequently 
underestimated as to their economic value. (In the Netherlands, for instance, 27% of the total 
plant production value of horticulture and agriculture in 1972 came from ornamentals = about 
1.3 milliard D.fl.) 

8.1. GENERAL CONSIDERATIONS, BREEDING METHODS AND SELECTION OF PARENTS 

Cross-breeding is often limited by specific difficulties in most vegetatively propagated plants 
(VPP). These plants are generally highly heterozygous. This causes a complicated segregation 
and makes the detection of a rare useful recombinant very difficult. This problem is frequently 
enhanced by polyploidy. Many VPP have a rather long vegetative phase before going into sexual 
reproduction. This makes cross-breeding very time-consuming. Furthermore, incompatibility 
and other cross barriers, apomixis and sterility exist quite often and hinder the plant'breeder in 
making use of cross-breeding. 

The most promising aspect of mutation induction in vegetatively propagated plants compared 
to cross-breeding methods is the ability to change only a very few characters of an otherwise 
good cultivar without altering significantly the remaining and often unique genotype. Mutation 
breeding therefore must be considered as the obvious means to perfect the leading products of 
conventional plant breeding and as a possible shortcut for inducing desired genetic alterations in 
outstanding cultivars. Obviously, mutation induction is the only means for producing genetic 
variability in vegetatively propagated sterile crops and in obligate apomicts. Mutagen treatments 
can further be useful to break apomixis, to overcome self-sterility and cross barriers as well as to 
uncover and rearrange chimeras (Broertjes, 1968c). 

As in any other breeding programme, it seems recommendable for the breeder to collect as 
much as possible information on the following subjects before starting a programme: 

(1) What are the breeding objectives and which problems are faced in reaching them? 
(2) What is known about the genetic base of the desired traits? Is it available in 

heterozygous condition in certain clones, which would then be a good material to 
start with? 

(3) Which type of plant material should be treated? Is any adventitious bud technique 
available in vivo or in vitro? 

(4) How can the material be handled during and after treatment? 
(5) Which methods are available to select the desired genotypes? 
(6) Are there problems concerning 'breeders' rights' for commercializing a mutant 

selected from a commercial cultivar (clone). 

Too many mutation experiments have been carried out in the past with no other objective 
than " to see what might come out". This is one of the reasons why relatively few projects have 
yielded (commercial) results. Crop specialist(s), who are familiar with the main problems of the 
species in question and the existing and available variability with special reference of the character(s) 
involved, are better suited for a mutation-breeding programme than are basic geneticists or 
physicists. 
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It is of the utmost importance to define, as precisely as possible, the objective(s) and to know 
the relevant literature. Any project should start with a critical survey of whether conventional 
breeding, mutation breeding or a combination of the two should be used to reach the aim easier, 
faster or cheaper. When sterile or apomictic species are involved there is no choice: mutation 
induction is the only way to obtain genetic variability. If both cross-breeding and mutation 
breeding are feasible, one may prefer to carry out cross-breeding for improving not directly visible 
characters, leaving the directly visible characters for mutation breeding. 

The majority of mutations behave recessive relative to the original allele, whether they are 
true mutations or deletions. This restricts the possibilities of mutation breeding: if the desired 
character is dependent on the presence of dominant genes, the irradiation of cultivars with recessive 
alleles for these traits will be little promising. Nevertheless, if the crop is of major importance and 
a suitable propagation method is at hand that allows selection amongst thousands of descendants 
of the treated material, one might consider to treat and select for characters, believed or known to 
be based upon dominant genes. Disease resistance, for instance, seems often to be based upon 
dominant genes (de Nettancourt, 1973). An example of a successful application was with pepper-
mint (Mentha piperita L.) in which resistance against the Verticillium wilt disease was induced 
(Murray, 1969, 1971). Cross-breeding with (wild) species or cultivated forms to transfer a desired 
dominant allele is often the preferable procedure, which may be followed by mutation induction 
to improve the hybrid in other desired characters. In many cases, however, our knowledge about 
the genetics of a desired character is incomplete or lacking. Often the genetic situation is confused 
by epistatic and suppressor genes, particularly in polyploids, which prevents a prediction of cross-
breeding as well as of mutation-breeding results. Consequently, the empirical approach often 
remains the only way. In a few cases information about the species supported by a spontaneous 
mutation may be available and helpful. Chrysanthemum is an example of this. By statistical 
analysis (Jank, 1957) as well as by irradiation experiments it has been indicated that the pink 
flower colour would be the best starting material to produce other flower colours. This has been 
confirmed by Broertjes (1966) amongst others, who obtained almost all existing chrysanthemum 
flower colours after the irradiation of rooted cuttings of the pink-flowered cv. Hortensien Rose. 
This is the 'standard practice' now at chrysanthemum breeding firms and, as a matter of fact, 
pink flowering seedlings from a cross-breeding programme are always more closely investigated 
since it is known that the flower colour can easily be improved or altered later by induction of 
mutations. The hexaploid chrysanthemum may not be representative for many other vegetatively 
propagated plants, but the empirical approach is certainly worth considering elsewhere. 

Another important problem is whether the cultivar one is planning to improve is heterozygous 
or homozygous (dominant) for the character(s) in question. In the latter case very few of the 
induced mutations will be recovered. Fortunately, many of our cultivated vegetatively propagated 
crops are more or less heterozygous. 

8.2. MUTAGEN TREATMENT AND HANDLING OF TREATED MATERIAL 

8.2.1. Plant material for treatment 

The success of a breeding project depends on the recognition of the desired genotypes 
(selection) and their recovery. In this respect mutation breeding is very much handicapped by 
chimera formation after irradiation of a multicellular meristem. A mutation is a one-cell event but 
multicellular apices generally consist of a number of fairly autonomous groups of cell layers, such 
as L, (epidermis),L2 (sub-epidermis + 0—3 cell layers) and L3 (the rest) and have a number of 
meristematic cells in each layer. More or less small sectors of mutated tissue develop, restricted 
to one of those cell layers. Thus, chimera formation in most cases results in mericlinal (sectorial) 
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chimeras, which only subsequently develop periclinal branches, shoots, tubes etc. (see 
sections 2.4.1 and 5.4). The chances of a mutated cell growing out into a sector or layer and 
manifesting itself depend on its position within the apex as well as its growth rate as compared 
with the surrounding (non-mutated) cells. A mutated cell often cannot express itself because it 
loses the competition within the cell layer (diplontic selection), or does not take part in the 
formation of a shoot, or it has not been induced in the appropriate cell layer (a flower colour 
mutation in L 3 , for instance). It is impossible to select tissue of a chimera for characters 
not directly visible during the 'sectorial' stage. Mutated and non-mutated tissue might interact 
physiologically so that a mutated character of a sector be 'masked'. Mutagen-treated material, 
therefore, has to be propagated to permit the formation of periclinal chimeras before selection can 
be applied. But even sectors with directly visible characters are.sometimes easily overlooked and, 
if found, still might get lost when they are too small and do not take part in the formation of a bud. 

Many of the complications described above could be eliminated if chimera formation could be 
avoided. One of the methods available at present is the adventitious bud technique as described 
by Broertjes, Haccius and Weidlich (1968). This technique is based on the phenomenon that the 
apex of adventitious buds, such as may be formed at the base of the petiole of detached leaves, 
originates from only one (epidermal) cell. Consequently, adventitious plantlets either are completely 
normal or are complete, solid mutants. In other words, chimera formation does not take place. 
Moreover, diplontic selection is restricted to the very initial stage of bud formation. This has been 
demonstrated, e.g., in Saintpaulia (Broertjes, 1972a), Streptocarpus (Broertjes, 1969a), Achimenes 
(Broertjes, 1972b), Kalanchoe (Broertjes and Leffring, 1972), Begonia (personal communication). 
In monocotyledons similar results were obtained, e.g., with Lilium, using bulb-scales (Broertjes and 
Alkema, 1970), and with Endymion and Ornithogalum (Broertjes; in preparation). The avail-
ability of an adventitious bud technique offers a great advantage for practical mutation breeding, 
in the sense that homohistant mutants can be obtained easily, that selection for not directly visible 
changes is made feasible and that promising mutants can be propagated rather quickly. 

Many plant species can be propagated by adventitious plantlets. Broertjes, Haccius and 
Weidlich (1968) list over 350 of such species belonging to a number of families. Many species of 
economically important plant families have not yet been tested for applicability of the adventitious 
bud technique and not always develop adventitious buds from only one cell. It is therefore 
recommendable that breeders study the situation before embarking on a mutation experiment. 
The breeder should also experiment with various cultivars of the species he is interested in since it 
has been shown that suitability for adventitious plantlet production varies greatly among different 
cultivars of one species (Broertjes and Leffring, 1972). In addition, the condition of the mother 
plant, the age of the leaves, environmental conditions during and after rooting and the auxin-
cytokinin balance appear to be of influence upon the formation and differentiation of adventitious 
buds. 

There are other ways to reduce chimera formation and to obtain rather solid adventitious 
shoots from irradiated tissue. Buds normally originate from more than one cell. However, by 
irradiating with a relatively high dose and a high dose rate one can obtain an increased percentage 
of solid mutants. This results from the fact that although several initial cells are responsible for 
shoot development in most species, all but one initial cell can be inactivated by the radiation. 
If several survive, all may be mutated or otherwise affected and one would be the winner in somatic 
competition. This effect has been reported in potato (Solanum tuberosum), where relatively 
high doses and dose rates were applied to de-eyed tuber parts. In this case exclusively those shoots 
were used that appeared 3 months after irradiation. The earlier ones were discarded since they 
develop from larger multicellular primordia (van Harten, Bouter and van Ommeren, 1972). 
In peppermint (Mentha piperita L.) dormant stolons were irradiated using rather heavy doses, 
cut in 4—7 cm pieces and planted in flats. Later, the resulting plantlets were transplanted to the 
field. Two types of mutants were observed: chimeras, developed from preformed and essentially 
uninjured multicellular systems, and solid mutants, developed from single cells (Murray, 1971). 
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T A B L E X I X . S U I T A B L E R A D I A T I O N D O S E S A N D P L A N T M A T E R I A L U S E D F O R T H E 

I N D U C T I O N O F S O M A T I C M U T A T I O N S IN V E G E T A T I V E L Y P R O P A G A T E D P L A N T S 

Doses given in rontgen units refer to acute X-rays. The approximate dose of fast neutrons can 
often be 'estimated' by dividing the acute X-ray dose by an RBE factor of 2-3. 

Species Plant material treated Dose 

I. Ornamentals 

Achimenes Detached leaves 3 kR 

Alstroemeria Rhizomes 4 0 0 - 6 0 0 R 

Azalea Rooted cuttings 1 - 2 kR 

Begonia Detached leaves 1.5-2.5 kR 

Buddleia Plants 2 - 3 kR 

Canna Rhizomes 1 - 3 kR 

Chrysanthemum Rooted cuttings 1 .5 -2 kR 
6 - 1 2 X 1012 n(th)/cm2 

Clematis Rooted cuttings 2 0 0 - 5 0 0 R 

Conifers Rooted cuttings 5 0 - 5 0 0 R 

Cosmos Rooted cuttings 2 kR 

Crocus Dormant bulbs, directly after harvest 1 - 1 . 5 kR 

Dahlia Freshly harvested tubers 1 .5-2.5 kR 

Dianthus Rooted cuttings 4 - 6 kR 

Dianthus Unrooted cuttings (base shielded) 8 - 1 0 kR 

Endymion Detached leaves 100-500 R 

Euphorbia Rooted cuttings 3 - 5 kR 

Forsythia Rooted cuttings 4 - 8 kR 

Gladiolus Dormant corms (2n) 4 kR 

Hyacinthus Bulbs, before wounding basis . 2 0 0 - 5 0 0 R 

Iris Freshly harvested corms 1 kR 

Kalanchoe Detached leaves 1 .5-2 kR 

Laburnum Plants • 2 - 3 kR 

Lilium Bulb-scales 250 R 

Malus Just grafted plants 2 - 3 kR 

Muscari Detached leaves 1 - 1 . 5 kR 

Narcissus Dormant bulbs, directly after harvest 500-1000 R 

Ornithogalum Detached leaves 5 0 0 - 1 0 0 0 R 

Potent ilia Rooted cuttings 6 - 8 kR 

Prunus Just grafted plants 2 - 3 kR 

Rhododendron Rooted cuttings 3 - 5 kR 

Roses Budding-wood 2 - 4 kR 
dormant plants 4 - 1 0 kR 

Saintpaulia Detached leaves 3 - 4 kR 

Scilla Detached leaves 1 0 0 - 5 0 0 R 

Streptocarpus Detached leaves 3 kR 

Syringa Plants 3 kR 

Tulip Dormant bulbs, directly after harvest 3 0 0 - 5 0 0 R 
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TABLE XIX (Cont.) 

II. Fruit crops 

Apple Grafts 

Banana 

Blackberry 

Black currant 

Cherry 

Grape 

Lemon tree 

Orange tree 

Peach 

Pear 

Plum (European) 

Raspberry 

Strawberry 

Corms 

Young dormant plants 

Dormant woody cuttings 

Grafts 

Dormant buds 

Cuttings 

Dormant scions 

Summer buds 

Grafts 

Dormant scions 

Spring suckers 

Young runner plant ' 

3 - 4 kR 

4 - 7 X 10 , 2 n( th) /cm 2 

2 . 5 - 5 kR 

6 - 8 kR 

ca. 3 kR 

2 - 3 kR 

4 - 7 X101 2n(th)/cm2 

1 - 3 kR 

2 - 7 kR 

ca. 5 kR 

1 - 4 kR 

4 - 5 kR 

4 - 6 kR 

ca. 10 kR 

1 5 - 2 5 kR 

III. Other crop plants 

Cacao 

Cassava 

Hevea 

Potato 

Sugar cane 

Sweet potato 

Tea 

Buds 

Nodes 

Dormant green buds , 

Dormant tuber parts 

Buds 

Detached leaves 

Rooted cuttings 

1 - 2 kR 

3 kR 

0 . 5 - 2 kR 

2 - 3 kR 

2 - 6 kR 

3 - 4 kR 

4 - 6 kR 

In Dahlia solid mutants can be obtained by irradiating tubers directly after harvest when the non-
visible buds are in a very early developmental stage (Broertjes and Ballego, 1967). In Alstroemeria 
almost all mutants are solid when actively growing rhizomes of young plants are irradiated 
(Broertjes and Verboom, 1974). 

In vitro techniques may also be of great value to the mutation breeder in avoiding the 
complications of chimera formation. The number of plant species that can be propagated in vitro 
has increased very rapidly and is still increasing. When adventitious plantlets develop on explants, 
buds may develop similarly to the in vivo system described above. There are reasons to assume 
that adventitious plantlets on leaves, leaf parts (discs, squares, pieces, tips) and petiole segments 
originate from one (epidermal) cell. This might also be the case when excised pieces of the skin 
or flowerstalk segments are being used. In other cases solid mutant buds might develop only as a 
matter of chance; when a bud originates from a few cells, all cells may either originate from non-
mutated tissue (producing a normal plantlet), from mutated tissue (producing a solid mutant) or 
from both (producing a chimera). 

In all other cases — where adventitious buds cannot be forced to develop — the breeder has 
no choice but to give mutagen treatment to multicellular propagules like tubers, bulbs, corms, 
suckers, stolons, dormant cuttings, scion wood, rooted cuttings, bud wood or even growing 
plants. Anatomical considerations may indicate the most suitable stage for irradiation so that 
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large sectors of mutated tissue are obtained from which a maximum number of mutants can be 
recovered. The primordia to be used for treatment should consist of as few cells as possible. 
In fruit trees, for example, this condition is found in the axillary meristems of the basal leaf 
primordia of the dormant buds. Experience shows that the buds subtended by leaves 4—8 (approxi-
mately) of the primary shoot are those that exhibit the highest frequency of relatively broad 
mutated sectors in the second vegetative generation. Measures have to be taken (by pruning) to 
force these buds into growth. Several authors report better results after irradiating buds that 
have just started growth than with buds in deep dormancy. If growing plants are irradiated, 
decapitation of the main shoots will force new buds to develop through regeneration and thereby 
increase the chance for recovering a greater number of mutants. 

Almost needless to mention, though often neglected, is that it is essential to use healthy 
material only and to keep it that way, since diseased plants (virus) interfere with the discovery of 
mutations. 

8.2.2. Mutagen 

Radiations are most commonly used with vegetatively propagated crops. Chemical mutagens 
have been disappointing on the whole because of poor uptake and penetration of the chemical 
(Bowen, 1965; Moes, 1966; Nybom, 1961). Particularly bulky material like bulbs, stolons 
scions for grafting etc. are difficult to treat in a reproducible way with chemicals. Unless a particular 
technique is developed (such as in vitro culture) to treat material with chemical mutagens, it is 
better to irradiate the material. The procedures are rather simple with good repeatability and high 
mutation frequency. All types of ionizing radiation are effective; in practice, however, it is likely 
that only an X-ray machine and/or a 7-source is available. For practical mutation breeding acute 
irradiation with hard X-rays or 7-rays is preferred using a dose rate of 100-1000 rad/min (short 
irradiation times) (Cuany, Sparrow and Jahn, 1958). 

If circumstances permit, thermal or fast neutrons can be used as well. The reproducibility of 
results with fast neutrons is better since they are independent of the chemical composition of the 
material, but both fast and thermal neutrons were found to be useful. The dose to be applied 
depends on the radiosensitivity of the species and also of the plant part to be treated. Plant parts 
that have developed new (adventitious) roots and shoots (unrooted cuttings, freshly detached leaves, 
etc.) are more sensitive than plant parts with existing root and shoot meristems. By shielding 
the basal part of the non-rooted cutting a much higher dose can be applied, e.g. in carnation 
(Sparnaay, Broertjes, unpublished). For general considerations on radiosensitivity consult 
section 2.5, see also Tables V and XIX. 

Many factors are involved in radiosensitivity and in dosimetry so that it is difficult to give 
standard recommendations. The best practice, therefore, is the empirical one: to try a series of 
doses around the expected optimal dose. This should be done as carefully and precisely as possible 
to ensure reproducibility of the treatment. Generally, a second and third series is needed to 
determine the optimum dose. Such preliminary tests are also useful to gain experience with 
irradiated material, such as slow(er) growth, speckled leaves ('virus') etc. What must be considered 
an optimal dose? The mutation frequency increases with increasing dose (linearly with X and 
7-rays, more exponentially with neutrons), but survival and regeneration capacity decrease with 
increasing dose. One therefore must choose somewhere between a low dose with full 100% survival 
but lower mutation frequency, and a high dose with higher mutation frequency but lower survival. 
Too many mutations per cell may be induced at high doses, with the risk that a favourable mutation 
is accompanied by one or more that are unfavourable. In vegetatively propagated crops it is usually 
very difficult if not impossible to separate favourable mutations from unfavourable ones occurring 
in the same cells. Therefore, the question of optimal dose is much more critical than in other crops 
where recombination can easily be achieved by crossing, selfing, etc. Which dose level should or can 
be applied depends on the crop, the type of propagation available, the numbers that can be handled 

164 



and the selection method (in peppermint, where very large numbers were irradiated, relatively high 
doses were preferred; Murray, 1971). In general it seems better to start with a moderate dose that 
permits good growth and propagation of the material. Estimates of the radiosensitivity of various 
species are given in Table XIX. The table should, however, only be used as a guideline. 

8.2.3. Handling the material after treatment 

The irradiation of the material is only the first step in the breeding work. The first problem 
after irradiation is to provide the mutated cells with the best possibility to participate in the 
formation of a shoot or plant. If some type of adventitious bud technique has been used, many 
of the mutants will be solid and early selection is possible. When one has to work with irradiated 
multicellular apices one needs to take measures to promote the increase in sector size and to arrive 
as soon as possible at complete periclinal chimeras. Then selection and further propagation can start. 
Where clearly visible mutations are involved (e.g. flower colour) selection may of course start earlier. 

It is essential, by means of pruning and/or vegetative propagation, to force the mutated 
sectors to further growth. Especially plants with apical growth dominance will easily develop 
into normal individuals if no pruning or propagation of basal buds is made. Plants with basal 
dominance (e.g. potatoes and strawberries) carry a much greater chance of mutations becoming 
manifest in individual shoots. A recommended technique is to isolate and propagate, for example, 
the 10 basal buds of the primary shoot emerging from the treated bud. 

In many plants, e.g. Chrysanthemum or Azalea indica (de Loose, 1971), especially when 
grown under favourable conditions in glasshouses, it is possible to perform repeated pruning and 
propagation of removed shoots as early as during the first vegetation period. In this way the 
treated tissue will be rapidly expanded and the resulting plants become more or less homohistants 
for any induced mutation (generally, of course, in the form of periclinal chimeras). The technique 
of repeated backpruning was shown by Bauer (1957) to be suitable for achieving this aim in 
Ribes nigrum and by Zwintzscher (1966) in fruit trees. The repeated cutting of stolons, as applied 
by Burton to apomictic grasses (1974), has a similar effect to that of repeated pruning. Nybom 
(1961) and Nybom and Koch (1965) have discussed various approaches in the recovery of somatic 
mutations. 

Even after repeated propagation one should be alert for possible 'revertants', in which the 
mutated tissue is (partly) replaced by the original one. The stability of the mutant is dependent on 
the crop: in many crops stability is not a serious problem. In some (apple, pear) it seems difficult 
to stabilize, for instance, induced spur types (Visser, Verhaegh and de Vries, 1971). 

8.2.4. Selection 

Selection procedures are similar to those used in cross-breeding programmes, provided 
solid mutants or complete periclinal chimeras are obtained. Sectorial (mericlinal) chimeras generally 
cannot be subjected to selection as the mutated sector may express the genetic change atypically 
due to interaction with non-mutated tissue. Exceptions would be particularly in ornamentals 
where visible chimeras, such as leaf colour or flower colour chimeras, may have a rather high 
commercial value. 

8.2.5. Rearranging (periclinal) chimeras 

Radiation has also been used as a tool to uncover, rearrange or dissociate existing periclinal 
chimeras. The mechanism on which this effect is based is mitotic inhibition or death of particular 
meristematic cells by radiation doses causing fairly severe biological effects. The meristematic 
activity of severely damaged or killed cells is taken over by other cells from neighbouring cell 
layers, which may be of a different genotype. In this way a perforation in the outer layer of a 
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periclinal chimera can take place, uncovering the underlying tissue. Duplication of the outer layer 
can also take place when one or more cells of this layer replace cells of the underlying tissue. This 
has been studied extensively in Abutilon, Euphorbia, Pelargonium and potato (Potsch, 1966a; 
Bergann and Bergann, 1959, 1962; Klopfer, 1965; Howard, 1958). The authors obtained from 
di- and trichimeras (plants consisting of two or three genetically different tissues) all possible-
recombinations as well as non-chimeral plants of each of the different components. This may 
even lead to new cultivars, as in Euphorbia (Potsch, 1966a) in which WWW is the cultivar Ecke's 
White, WWR is Trebstie alba; WRR is Ecke's Pink and RRR represents Imperator (W = genetically 
white; R = genetically red), the flower colour being white, white, pink and red, respectively. 

8.2.6. General remarks 

The majority of the examples presented above especially to illustrate a given technique are 
taken from ornamentals. This is because many ornamental species are excellent test plants to work 
with (relatively small; generally easy to grow at almost any time of the year; simple selection for 
easily recognizable but still useful characters). 

What has been found using these plant species is in general valid for other vegetatively 
propagated crops as well (the importance of an adventitious bud technique, in vitro or in vivo; the 
right choice of the material etc.). The most essential difference between ornamentals and 
vegetatively propagated food crops, plantation crops, trees etc. is the need for the more difficult 
and complicated selection of less obvious, mostly quantitative traits (yield, quality, resistance, etc.). 
Some of these crops have already been investigated for a number of years, such as potato and 
fruit trees. Experiments with other crops, like sweet potato, sugar cane, cassava and turf grasses 
(Burton, 1974) are of more recent origin, while very recently a start has been or will be made 
with crops like banana, cacao, coffee, citrus, Hevea and oil palm (see Induced Mutations in 
Vegetatively Propagated Plants, IAEA, Vienna (1973) for more details and further references). 

8.3. CULTIVARS OF VEGETATIVELY PROPAGATED PLANTS DEVELOPED THROUGH 
MUTATION INDUCTION 

Until 1975 approximately 70 cultivars developed through the use of induced mutations were 
known in vegetatively propagated plants. The majority concerned ornamentals such as Azalea, 
Alstroemeria, Chrysanthemum, Dahlia, Dianthus and Streptocarpus, but mutation work on 
agricultural crops was also successful. Some examples of procedures that led to improved clonal 
cultivars are given below. 

L 

8.3.1. Dahlia cultivars Selection, Ornamental Rays, Rotonde, Gracieuse; I.T.A.L. Wageningen 
and Ballego en Zonen, Leiden, Netherlands (Broertjes and Ballego, 1967) 

1963 With the objective of altering the flower colour without changing other characters, 
30 tubers of cultivar Salmon Rays were irradiated immediately after harvest as 
'dormant tubers' with a dose 2—3 krads of X-rays at a dose rate of 160-250 rad/min. 
Eyes developed during the winter. 

1964 Shoot cuttings were made in early spring and cuttings were rooted in a warm greenhouse. 
284 rooted cuttings were planted in the field in late spring. 
Mutants were observed in the field visually, and 32 flower colour mutants selected, 
some being obviously chimeras. 
Tubers were harvested in autumn. 

1965 Mutants confirmed and tested in comparison with other stocks. 
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1966 4 mutants commercialized with altered flower shape and/or flower colour: 
Selection — larger blooms, colour unchanged; 
Ornamental Rays — larger blooms, colour apricot; 
Rotonde — larger blooms, vivid true pink colour; 
Gracieuse — spider cactus type with violet-mauve flower colour. 

8.3.2. Peppermint cultivar Todd 's Mitcham Peppermint; A.M. Todd Co. Kalamazoo, Mich., and 
Brookhaven National Laboratory, USA (Murray, 1969; Murray and Todd, 1972) 

1959 With the objective of obtaining better disease resistance without losing the essential 
peppermint oil quality, stolons of the cultivar Mitcham were irradiated with 
5—6 kR of X-rays. 
Stolons were cut to 4—7 cm lengths for greenhouse planting in flats. The survival 
rate was about 70% after 6 - 1 0 weeks. 
About 33 000 plants were'transplanted to the field according to plant development 
(May—July) and spaced 90 X 45 cm; about 9% not wilted by end of season 
ploughed in. 

1960 Emergence of about 6 million plants from ploughed stolons. 

1961—64 Reduction of plants due to natural selection pressure in highly Verticillium-
infested field. 

1964 Only 1 % of plants left = ~ 60 000 plants. 
A piece of stolon or a young shoot from each non-wilted plant collected in 
August/September. Shoots over-wintered in the greenhouse. 

1965 Field test with single plants spaced 1.8 X 1.8 m, ~ 8 0 - 8 5 % wilted. 

1966 Field test of selected clones in 1.8 m2 plots with 1 replication (7 plants per plot). 

1967 (a) Selected clones tested again in 1.8 m2 plots with 5 — 10 replications, 
(b) Best clones tested in larger plots at different locations. 

1968 (a) Selected clones of 1967 (a) tested again in 1.8 m2 plots with 30 or more 
replications. 

(b) Second year observation of 1967(b) trials. 
(c) Establishment of regional trials. 

1969—70 Regional trials in Indiana, Oregon and Washington. 

1971 Registration of cultivar Todd's Mitcham Peppermint as highly resistant against 
Verticillium albo-atrum, having more erect and less branched plant habit, darker 
leaf colour, maturing about 5—10 days earlier. 

8.3.3. Azalea cultivar Enzett-Rolko; Institut fur Obstbau und Zierpflanzenbau Dresden-Pillnitz 
and VEG Saatzucht Zierpflanzen, Erfurt, GDR (Streitberg, 1966; and personal communication) 

1959 40 cuttings, 10 cm long, of cultivar Ernst Thiers irradiated with 2000 R (best 
August/September) and grafted on root stock of Azalea concinna. No lethality. 

1960—65 Visual selection of variants during repeated vegetative propagation. (Mutation 
frequency varies greatly between 30 and 0 per treated cutting, depending upon the 
cultivar. On the average of experiments with 49 cultivars about 0.8 variant was selected 
per irradiated cutting.) 
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1966—68 Propagation of best variants by cuttings and grafting upon Azalea concinna. Official 
testing in comparison with other cultivars. 

1969 Commercialized Enzett-Rolko with the good vitality and flowering of original 
cultivar, but in addition more intense red colour and more narrow and wrinkled petals. 

8.3.4. Streptocarpus cultivar Purple Nymph; I.T.A.L. Wageningen and Experimental Station 
for Floriculture, Aalsmeer, Netherlands (Broertjes, 1969a; and personal communication) 

1966 82 leaf halves of the cultivar Constant Nymph were irradiated with ~ 3 krad of X-rays 
and rooted in boxes containing a peat/sand/soil mixture, within 3 - 6 weeks. 
After development of second leaf, plants were separated and transplanted. 

1967 2830 plantlets screened visually and 857 mutants found to carry a total of 1680 visible 
mutations concerning characters such as flower colour (45%), flower size and form 
(40%), length of flower stalk, form of the leaf, habit of the plant. 

1968 Propagation and examination of interesting mutants in co-operation with Experimental 
Station for Floriculture at Aalsmeer. 

1969 Following several exhibitions, cultivar Purple Nymph was awarded a Certificate of 
Merit and commercialized together with three other mutants, Mini Nymph, Blue 
Nymph and Netta Nymph arising from the same mutagen treatment. 
All had attractive flower characteristics different from the parent cultivar, but 
otherwise unchanged. 

8.3.5. Sweet cherry cultivar Compact Lambert; Canadian Department of Agriculture Research 
Station, Summerland B.C. (Lapins, 1963; 1973; and personal communication) 

1958 Several 100 scions of cultivar Lambert irradiated with 4 kR of X-rays with the 
object of inducing a semi-dwarf growth to reduce harvesting costs, which amount to 
50% of production cost. 
Irradiated scions grafted on root stocks in the greenhouse. 

1959—60 Lower 5 buds of MVj propagated individually to produce MV2 nursery trees. 

1961—62 First observations and selection for the growth etc. (screening for dark foliage, 
sturdy growth and short internodes). 

1963—64 Trees with internodes below average repropagated, planted in orchards, and 
reselected. 

1965-71 Second test-orchard planted, MV3 generation evaluated for economic merits in 
comparison with parent. 

1972 Compact types released to commercial growers as Compact Lambert and used in 
cross-breeding. 
Height of tree only 1 /5 of a normal cherry tree on a vigorous root stock. Comes into 
bearing very early and bears very heavily, but fruit ripens about 5 days later and is 
slightly smaller. 
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9. PLANT CHARACTERS TO BE IMPROVED 
BY MUTATION BREEDING 

9.1. YIELDING ABILITY 

The yielding ability of crop plants is a typical quantitative character, showing continuous 
variation,and highly influenced by environmental factors. In spite of the difficulty of detecting 
yield mutants, there is no doubt about their existence and a number of mutant cultivars with 
increased yield have been released (Sigurbjornsson and Micke, 1974; Sigurbjornsson, 1975). 
It is a common experience that negative variation is more frequent, but positive yield mutants 
have been reported repeatedly in recent years. Gustafsson (1954) stated that positive mutations, 
which in the homozygous state and under conditions optimal to the mother strain surpass this 
in the production of both vegetative matter and grain, are formed perhaps once in 500 to 
1000 genotypical changes. Gregory (1957), working on X-rayed peanuts, indicated that the 
frequency of mutants superior in yield may be around 1 among 500 to 5000 M2 plants. Because 
of the great difficulties involved in the isolation of yield mutants, these estimates may be only 
indicative. Nevertheless, when planning experiments it should always be kept in mind that positive 
yield mutants are rare. Large populations are therefore needed in order to raise the probability of 
finding such mutants. 

Since yield is so highly influenced by environmental fluctuations, one cannot expect to 
recognize mutants in this character from observations on a single-plant basis. Generally speaking, 
they can only be discovered and isolated in groups of plants. The selection methods deserve, 
therefore, more attention than do the selection methods for isolation of mutants in qualitative 
characters. The selection method for a character like yield is further complicated by the fact that 
spontaneous or induced mutants can react differently from the mother variety to environmental 
changes.' Some changes of genotype-environment interaction can be utilized in practical cultivation 
of the crops. If, for instance, the environmental changes are represented by placement or level of 
nitrogen dressing, the problem is how to pick out those mutants that compete best at a given 
placement or at a particular level of fertilizer. 

There are two principally different selection methods for yield mutants. By the first, mutants 
in qualitative characters are selected and isolated. Their yielding ability is then tested in sub-
sequent generations. The idea behind this method is, of course, that some of the genes for 
qualitative characters may exhibit a positive pleiotropic effect on yield, or that changes in such 
genes may be linked with other mutations affecting yield. 

The method has obviously led to positive results in some cases. As an example, the erectoides 
mutants in barley should be mentioned. The erectoides character is obviously associated with 
higher yielding ability in some cases (cf. Gustafsson, 1965), at least under heavy nitrogen 
fertilization. Another example is provided by the induction of awned wheat from awnless or 
apically awnletted varieties. Especially under dry growing conditions awned mutants have out-
yielded their respective parents (Swaminathan, 1965a). The method has its clear limitations. 
The erectoides character, for example, is governed by many loci in which mutations can occur, 
and not all of them are associated with high productivity. From general reasoning it is to be 
expected that yield is governed by many loci, each of them having a relatively small effect. Not all 
of them can be expected to be associated with visible qualitative changes in the phenotype. 

The other selection method is direct, and thereby takes into account the limitations mentioned 
above. In complete analogy with selection methods applied in populations derived from crosses, 
the selection procedure starts with a progeny testing of individual plants. Since groups of plants 
are needed to detect yield mutants, the progeny testing can start in the M3 generation (M2 progenies). 
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FIG.40. Model curves to illustrate the distribution in yield of families derived from untreated (—) and 
mutagen-treated ( j material in a self-pollinating species. 

In practical breeding work of self-pollinating crops it may sometimes be advisable to delay the progeny 
testing until M6 or M7 . By that stage a fairly high degree of homozygosity is attained, and selected 
families need not be re-selected before they are handed over for testing on a large scale in practical 
trials. 

Since the influence of the environment on yield is so high, efforts should be made to minimize 
this effect as much as possible, particularly in experiments with single-plant progenies. By large 
spacing of the population plants to be tested sufficient seeds can be obtained for replications in the 
experiment with single-plant progenies. Experiments of this type will in general have a great number 
of families. To control the experimental error special designs are required, such as the split-plot 
design introduced by Gaul (1964). In this case each plot includes a control row and in addition 
rows from single plants of untreated and treated material of the same variety. All measure-
ments are taken on a split-plot basis. Data from such an experiment can be used for construction of 
distribution curves for continuously variable characters. For grain yield in barley Gaul (1964, 
1966) has published distribution curves of the form depicted in Fig.40. Similar distributions for 
grain yield in wheat were reported by Frogner and Aastveit (1971). The shape of the distribution 
curve must be expected to depend on the genotype of the parental variety and the curve in Fig.40 
should not be taken as more than an example. Even in practical breeding work it is recommended 
that the increase in genetic variance due to mutagenic treatment and correlations between characters 
be estimated. Heritability estimates based on the data from single experiments in early generations 
after treatment should, however, be treated with caution. Owing to non-additive genetic effects 
and interaction between families and years, estimates from single experiments must be expected 
to be too high, as has been shown by Aastveit and Gaul (1967). 

As far as yield is concerned, the breeding aim is almost always to increase the mean (directional 
selection). The left-hand half of the distribution curve is therefore of little or no interest. If yielding 
ability is considered alone, only those families are of interest that represent genotypes that in later 
generations will give phenotypes more extreme than the mother variety. The practical value of a 
variety does, however, depend on the performance in several characters, all of which should be 
considered in a selection experiment. This and other problems related to selection intensity are 
exactly the same in mutation experiments as they are in cross-breeding. 

Selection has to be continued in the following generations. In the next generation more seed 
is available from each family. The plot size can therefore be increased and the screening between 
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families can thereby be more precise. Even if an experiment with M4 families can be made 
very precise, one should not place too much emphasis on the results from single experiments. The 
reason for this is again genotype-environment interaction. Genotype-year interactions seem to be 
quite common among families derived from mutagen-treated material. This type of interaction 
cannot be utilized in practice and must be treated as experimental error. For further selection, e.g. 
in M4 and M5 , it is better to base the selection on the mean performance over two or more years. 
Moreover, if the goal is to breed for wide adaptation to a larger area, the experiment should be 
laid out at various localities at an early stage in the programme. If possible, various nitrogen 
dressing levels should be included in the experiments. This would also allow an evaluation of the 
lodging resistance and of protein characters, which might be of interest. 

What has been said so far applies mainly to the self-pollinating species of crop plants. At present 
there are far less experimental results and practical experience with induction of mutational changes 
in yielding ability and other quantitative characters for cross-pollinating and vegetatively propagated 
species. For clone-propagated species like, for instance, potatoes variability experiments of the 
type described in the foregoing should be a suitable basis for the initiation of selection among clones. 

Methods for isolation and testing of mutants in yield and other quantitative characters in 
cross-pollinating species have not yet been completely worked out. In Sweden varieties based on 
selection in X-ray-treated material of white mustard and rape have been marketed. In Finland 
a rye variety bred following gamma treatment has been released (Kivi, Rekunen and Varis, 1974; 
unpublished). In these cases the varieties represent positive changes in yield. It is, of course, 
impossible to prove definitely that the improvement of these varieties represents entirely mutational 
changes. In the case of white mustard mutation is indicated by the occurrence of mutations in 
morphological characters, and by the fact that the increase in yield and that the oil content obtained 
was larger than that obtained by selection in untreated material of the same variety (cf. Andersson 
and Olsson, 1954, 1961). A better evaluation of the role played by mutations in such material 
could be obtained by carrying out a variability experiment in which were grown an exactly equal 
number of progenies from randomly selected plants in the untreated and treated populations of 
the same original population. Continued selection with equal intensity over two or more generations 
would give still more information. Generally, a practical plant breeder will be satisfied with the 
success of his work and the actual improvement achieved. However, for further development of 
better breeding methods detailed information about the origin of new strains is highly desirable. 

9.2. FLOWERING AND RIPENING TIME 

Mutants with changes in flowering or ripening time have been reported in numerous experi-
ments and a number of early mutant cultivars have been released (Sigurbjornsson and Micke, 1974). 
Early flowering and/or maturing mutations are in general less frequent than late ones (Gustafsson, 
1947; Yamagata and Syakudo, 1960; Scarascia-Mugnozza et al., 1961; Kawai, 1963a, b). 
Quantitative studies on variations of heading date on irradiated materials show that variation is 
in many instances induced by earliness and by lateness in nearly equal frequencies, in other cases 
more by lateness than by earliness (Abrams and Velez-Fortuno, 1962; Abrams and Frey, 1964; 
Sakai and Suzuki, 1964; Gonzalez and Frey, 1965; and others). Aastveit (1965) reported that 
early heading mutations were induced less frequently in early heading varieties than late heading 
varieties. 

Variations of flowering date and maturing date in induced early maturing mutations are 
generally in parallel relation. However, early flowering mutants that are not so early maturing 
as expected from their flowering date (Tedin, 1954; Scholz, 1957; Gustafsson, Hagberg and 
Lundqvist, 1960; Bouma, 1967), or early maturing mutants with normal flowering date (Matsumura 
and Currence, 1962; Porsche, 1963) have also been found. 

Quite often several other characters are changed in early maturing mutants. The yielding 
capacity of early maturing mutants is generally reduced (Gustafsson, Hagberg and Lundqvist, 1960; 
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Gaul and Mittelstensclieid, 1960; and others). However, early maturing mutants, especially slightly 
early maturing ones, with yielding capacities equivalent to or higher than their original varieties 
have been induced in several crops (Gustafsson, 1947, 1963; Gustafsson, Hagberg and Lundqvist, 
1960; Froier, 1954; Zacharias, 1956; Gaul and Mittelstenscheid, 1960; Li et al., 1961; Kawai, 
1963a, b; Porsche, 1963; Aastveit, 1965). It has been reported that correlation between total 
yield (grain + straw) and ripening time is positive but correlation between proportion of grain 
yield to total yield is negative in early ripening barley mutants (Scholz, 1957; Aastveit, 1965). 
In the evaluation of the practical value of early maturing mutations yield per day during their 
growth period should be taken into account. 

Plant height also often changes in early maturing mutants and significant positive correlations 
between the two characters have been reported (Abrams and Frey, 1964; Oung, 1965). Reduction 
of internode number, shortening of basal internode or increase of upper internode length were 
observed in early maturing barley mutants by Ehrenberg, Gustafsson and von Wettstein (1956), 
von Wettstein (1957) and Gustafsson, Hagberg and Lundqvist (1960). Furthermore, other 
characters, such as panicle length, 1000-grain weight, panicle number, straw-stiffness and protein 
content, were changed in early maturing mutants (Sigurbjornsson and Micke, 1974). 

Early heading mutants can be identified by simple observation or measurement, and their 
screening and isolation can be conducted rather effectively because of relatively high heritability 
(in the broad sense) of heading date. The degree of dominance of induced mutations influences 
efficiency of screening and isolation of the mutations. Early heading macromutations are in 
most cases recessive to the original genes. However, dominant or partially dominant early heading 
mutations have also been isolated in barley and other crops (Notzel, 1952; Mertens and Burdick, 
1957; Scholz and Lehman, 1958; Gustafsson, Hagberg and Lundqvist, 1960; Gustafsson, 1963; 
Mettin, 1961). 

Regarding the method of handling irradiated material for screening early heading mutants, it 
has been claimed that the 'Einkornramsch-Methode' was more successful than the ear-progeny 
method in experiments with barley (Takeda and Kan, 1963); see also section 7.1. 

Screening and isolation of mutants with different photoperiodic response and thermosensitivity 
has not been conducted to any great extent. However, the photoperiodic reaction and thermo-
sensitivity of early or late flowering mutants have been studied in some cases, especially in rice. 

The heading time of rice plant is governed by the basic vegetative growth period, the photo-
sensitivity and the thermosensitivity. The former two characters have been altered by mutations 
(Matsuo and Nakajima, 1960a, b; Matsuo and Onozawa, 1965; Kudo, 1966, 1967). Kudo 
(1966, 1967) identified three recessive genes for the basic vegetative growth period and seven 
recessive genes for photosensitivity in induced heading mutants of a rice variety. Li, Hu and Woo 
(1965) found rice mutants insensitive to photoperiodic treatment. 

Gaul (1964a) reported differential responses of early heading mutants of spring barley to light 
(quality and quantity) and temperature. 

Studies with Arabidopsis by Devi, Prasad and Riley (1963) gave evidence for the occurrence 
of mutations that had lost the light requirement for germination ability. 

Winter-like types, viz. drastically late heading mutants, have been induced in spring-type barley 
and wheat (Gustafsson, 1941a, b, 1947; MacKey, 1954b; Zschege and Haaring, 1962; and others). 
Zschege and Haaring (1962) also reported that their winter-like type showed positive response to 
jarovization treatment. 

9.3. ADAPTABILITY 

Wide geographical adaptability has become an important character of crop cultivars in recent 
years. Photoperiod insensitivity is a prerequisite for wide adaptibility when cultivars are to be 
grown in different localities at different latitudes. Mutants insensitive to photoperiodic differences 
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have been induced by mutagen treatments (Li, Hu and Woo, 1965; Hu, 1973). Wide adaptability 
is achieved, however, not only by photoperiodic response, but requires the variety to respond to a 
number of different environmental conditions. It is therefore related to many physiological 
characters. Durum wheat mutant varieties showed wider adaptability than their mother variety, 
especially in regions where both soil fertility and water resources are not limiting factors (Scarascia-
Mugnozza, Bagnara and Bozzini, 1972). Mutants in practical breeding projects should be tested 
at different locations of different environmental conditions. One of the most promising potential 
uses of induced mutations is to break through barriers at the outer limits of the adaptability of a 
species. A number of practical examples of this already exist, e.g. Mari (Kivi, Rekunen and Varis, 
1974; Sigurbjornsson, 1975). 

9.4. PLANT TYPE AND GROWTH HABIT 

The most distinct change of growth habit observed in mutants is ageotropism or laziness. 
Ageotropic or 'lazy' mutants have been found in maize (van Overbeck, 1936), rice (Ramiah and 
Parthasarathy, 1936; Jones and Adair, 1938), lupines (Tedin and Hagberg, 1952) and peas 
(Blixt, Ehrenberg and Gelin, 1958; Gelin, 1960; Blixt, 1970). 

Prostrate, spreading, sparse and rosette-like types, which are more or less similar to the 
lazy type in appearance, are induced in many plants. Contrasting with the spreading types, erect or 
upright types have been reported in numerous plants. Zacharias (1956) and Sjodin (1962, 1964) 
particularly mentioned mutants in which branches or leaves project from the main stem at different 
angles from the original variety. Mutants with bent basal internodes have been reported by 
Steuckart (1960) and Ehrenberg, Gustafsson and Lundqvist (1961). 

Mutants with altered growth rhythm, showing enhanced or reduced growth rate at particular 
growth stages (Tedin, 1954; Lamprecht, 1958b; Jain, Surand Raut, 1962; Porsche, 1963), form 
a particular group of growth-habit mutants. Yagyu and Morris (1957) reported a semi-determinant 
tomato mutant. 

These are examples of a rather drastically changed growth-habit or growth-rhythm mutants. 
Many mutants, however, show smaller changes in growth habit or growth rhythm, which are easily 
overlooked in single plants. 

Extensive and comprehensive studies with barley, pea and tomato have revealed a striking 
diversity of growth-habit mutants. Some drastically changed mutants showed characters that have 
previously only been found in other species or even other genera. Such mutations are called 
trans-specific or interspecific mutations. Other mutants show additionally wide variations in struc-
ture and size of various plant organs, as for example the various mutants in the leguminous family 
with changes in leaf differentiation (Gottschalk, 1967, 1971; Scheibe and Micke, 1967). 

Mutants are usually named after the most distinguishably changed character, and several 
hundreds of differently named mutants with common changes in growth habit and plant type 
appear in articles on induced mutations. The plant type must be considered an integrate of 
variations of individual characters, and must be described by some selected criteria taking into 
account variations of other individual characters and a contribution of individual characters to the 
characteristic feature. 

Different plant types result from different patterns of growth and differentiation of plants. 
Dwarf mutants are very frequently observed in various plant species. They are characterized 

by short plant height and at the same time in many instances reduced plant organs, indicating 
growth-rate reduction in many or all plant parts throughout their entire life. However, there are 
examples in which plant parts or organs were disproportionately reduced in size. Zschege and 
Haaring (1962) reported mutants in which the vertical axis is disproportionately shortened (called 
brachytic by Cook). In a 'stout ' mutant of sorghum (Hansel et al., 1963) the plant height is 
reduced to three-fourths while the stem diameter is twice as large as the original form. Similar 
changes of relative size and length/width ratio in various organs have been observed frequently. 
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Giant mutants have been reported in pea, tomato and barley. In these cases several or all 
plant parts were enlarged. As an example in which a particular organ is enlarged, a large flower 
mutant (normal in other parts) reported by Sjodin (1962) in Vicia faba can be mentioned. 

There are many examples in which differentiation of a particular organ is depressed or 
promoted. The most conspicuous examples are uniculm or monostem mutants induced in barley, 
sorghum, tomato, rice, wheat and other plants. A mutant in which lateral root development is 
almost completely suppressed was reported by Yu and Yeager (1960). Sparse or lax ear mutant 
is also an example of depressed organ formation. 

Dense organ formation in mutants is observed in various parts of the plant. Richly tillering 
or branching, often accompanied with dwarfness (Micke, 1958), dense node or multinode, fasciated, 
double leaf, dense, compact or erect ear, increased row-number of ear (in barley) and multiflorus 
or multiovary types (Scheibe and Micke, 1967) are mentioned as examples. 

Such plant-type mutants are classified or named by the most characteristic changes, but they 
also show changes in other characters. For example, several of the barley erectoides mutants, 
characterized by short and compact spike, show considerable variations in culm length, tiller 
number, stem structure and other characters. Plant type is a highly complex character. A classifi-
cation of plant-type mutants based on principal component analysis has been attempted by 
Morishima and Oka (1967). 

The plant type of the mutants mentioned above is determined by the action of various 
genes regulating growth habit, growth rate and differentiation of organs at different phases of plant 
development. Studies on gene manifestation on different organs or development pattern 
(von Wettstein, 1962; 1954, 1957; Lundqvist and von Wettstein, 1952, Sakai and Suzuki 1964; 
Hansel, 1966; Morishima and Oka', 1967), on the response of mutants to auxin (Stoy and Hagberg, 
1958; Schmalz, 1960; Schmalz and Mettin, 1965) and to other biologically active substances 
(Wijewantha and Stebbins, 1964; Mathan, 1965) externally applied at different developmental 
stages may provide in future more concrete ideas on such gene actions so that the resulting complex 
plant type can be better understood. 

9.5. RESISTANCE TO LODGING AND STEM BREAKAGE 

Lodging susceptibility and stem weakness is a serious problem in many crops: wheat, oats, 
barley, rice, corn, sugar cane, sorghum, flax, cotton, soja, broad beans etc. 

Lodging has been analysed by several investigators (see references in Scarascia-Mugnozza, 1965) 
especially in cereals. As a general rule, lodging is caused by (1) uprooting of the plants, (2) breaking 
of the stems near the ground level and (3) leaning and bending of the stems; the last cause being 
the most common one. Lodging is a complex event bound to the concomitance of several external 
and internal factors. 

Apart from external factors such as environmental conditions, agronomic procedures, diseases, 
the most important plant characters that can influence lodging are: strength and elasticity of the 
stem, structure and development of the root system, stem length. 

Although lodging resistance and stem-length reduction are not always associated, the shortening 
of the stem is a characteristic that is worth selecting for. In fact, the shorter the stem, the shorter 
the lever arm, since the weight of the inflorescence and the centre of gravity are moved downwards. 

For selection of lodging-resistant mutants the same methods can be applied as for selection 
of lodging-resistant individuals in F2 and subsequent generations from crosses between varieties. 
In particular, among the several indices and methods proposed for selection in the laboratory or 
in the field, the snap-score method and, of course, the evaluation of natural lodging appear to be the 
most reliable ones (Hess and Shands, 1966). As a matter of fact, the assessment of the ability of 
the induced mutants to withstand lodging has been determined mostly on the basis of field 
observations. 
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The general selection procedure for lodging-resistant mutants can be outlined as follows. 
Owing to the close association between stem length and lodging resistance, short-stem plants 
can be isolated visually in the M 2 or M3 generation. When the mutations for steam shortening are 
confirmed in the following generation and if they seem to have a potential interest, they can be 
multiplied in a single plot or, if possible, in small plots in order to derive useful information on 
their agronomic value. Field trials can take place, generally starting from the M5 generation, 
possibly in different locations and — for cereals — under high nitrogen dressing levels, which 
can be expected to exercise a strong selection pressure. In this way both the lodging resistance 
and the yielding ability and other important characters (earliness, quality, etc.) peculiar for 
outstanding varieties of that crop in that area can be tested in the M5 and subsequent generations. 

It is a good principle to choose for the mutagenic treatment outstanding commercial varieties 
but deficient in lodging resistance. If the mutagenic agent does not modify the agronomic value 
of the treated genotype besides the induction or increase of lodging resistance, a new line, more or 
less similar to the mother line but improved in its lodging resistance, might be selected for. 
This line may be used as the original stock of a new variety; such a result is a clear example of a 
direct use of induced mutations in plant breeding. On the contrary, if the mutagenic treatment has 
reduced the agronomic performance of the treated genotype, the mutation for lodging resistance 
could be used as parent in cross-breeding programmes. 

Numerous lodging-resistant mutant lines have been developed from plant material treated with 
chemical or physical mutagens. A list of the cereal crops in which such types of mutation have 
been isolated, together with the mutagenic agents used, is given in Table XX. Detailed information 
and references on these experiments can be found in a survey paper (Scarascia-Mugnozza, 1965). 
According to Sigurbjornsson and Micke (1974), 24 mutants cultivars with improved lodging 
resistance have been released. 

From a general review of the results so far available the following remarks can be made: 
(1) Mutations for lodging resistance are relatively easily induced in cereal crops, and often 

induced in many other crops. 
(2) The increase in standing ability appears mostly due to the reduction in the height of the 

stem; other changes can occur, parallel with the stem shortening, namely changes in the number of 
internodes, modifications in the relative length of internodes; modifications of the root system 
can also take place. Further work will be needed to evaluate the relative importance of these factors 
in determining the behaviour of the selected lines. 

(3) The morphological and anatomical changes mentioned above can occur without evident 
changes in important agronomic characteristics such as inflorescence characters, yielding ability, 
seed quality, date of maturity, disease resistance etc. •> 

(4) Parallel to the increase in standing ability the capacity of the plant to endure higher 
amounts of nitrogen fertilizers with positive influence on yielding ability is generally ascertained. 

(5) Numerous progressive stiff-straw mutants have so far been isolated in several cereal species 
and have performed better than the mother variety in terms of yield. This is the case, for instance, 
of mutants obtained in Avena sativa by Frey (1955); in Hordeum vulgare by Gustafsson and 
co-workers (1963); Vettel (1957); in rice by Marie (1963); Futsuhara, Toriyama and Tsunoda, 
(1967); Kawai, Sato and Masima (1961); in bread and durum wheats respectively by the Indian 
(Natarajan, Sikka and Swaminathan, 1958) and Italian (Scarascia-Mugnozza, 1966b, c) groups. 
New varieties have been developed from some of these mutants. See Sigurbjornsson and Micke 
(1969, 1974) and Sigurbjornsson (1975). 

(6) On the other hand, the utilization of lodging-resistant mutants in cross-breeding 
programmes, already largely pursued, is also interesting because of the possibility of removing, 
through a new genetic background, the undesirable pleiotropic effects (e.g. excessive spike density) 
possibly carried by the original mutant. 

(7) The difficulty inherent in the genetic pattern of lodging and stem breakage, which is also 
very complex in a diploid species such as barley, has prevented any real advance in the knowledge 
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TABLE XX. EXAMPLES OF CEREAL CROPS IN WHICH LODGING-RESISTANT 
MUTANTS HAVE BEEN ISOLATED3 

„ . . . . Investigator and year of 
Species Mutagenic agent 

first report 

A vena sativa 

Hordeum vulgare 

Oryza sativa 

Triticum aestivum 

X 

X 

X, gamma, protons, n 

Chemicals 

32P, X, gamma, n + 7 

X, n(f) 

X 

X 

X 

X, gamma, EMS, and other 

alkylating agents 

X 

EMS, n(f) , n( th) 

Gamma 

X 

X, n ( th ) 
3 JP 

X 

X 

X, n(th) , diepoxybutane 

Gamma, diethylsulphate 

n( th) 

Gamma 

Gamma 

X 

X 

X, n( f ) 

n( th) 

X 

n(th) 

X, n( th) 

Various chemicals 

MacKey (1954a) 

Frey (1955) 

Gustafsson (1941, 1942, 1951, 
1960 ,1963) 

Shebeski and Lawrence (1954) 

Whitehouse (1956) 

Hansel and Zakowsky (1956) 

Scholz (1957, 1963) 

Vettel (1957) 

Heslot and Ferrary (1959) 

Moes (1959) 

Bhaskaran, Swaminathan and 
Chopra (1962) 

Aastveit (1962) 

Nishimura and Kurakami (1952) 

Beachell (1957) 

Masima and Kawai (1958) 

Bekendam(1960) 

Li, Hu et al. (1961) 

Matsuo and Onozawa (1965) 

Marie (1963) 

Narahari and Bora (1963) 

Yamagata and Syakudo (1963) 

Futsuhara et al. (1967) 

Oltmann (1950) 

MacKey (1954a) 

Whitehouse (1956) 

Pal, Natarajan, Sikka and 
Swaminathan (1958) 

Sen et al. (1958) 

Noulard (1959) 

D'Amato, Scarascia et al. (1960) 

Priadcencu et al. (1962) 

Haaring and Zschege (1962) 
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TABLE XVIII (cont.) 

Triticum compactum 

Triticum dicoccum 

Triticum durum 

Gamma 

EMS 

X, n(th, n(f) and alkylating 

Karapetjan (1962) 

Swaminathan et al. (1962) 

D'Amato, Scarascia et al. (1960) 
agents 

EMS Swaminathan et al. (1962) 

Zoz(1962) Triticum X Agropyron 1.4-bis-diazoacetylbutane 

a Both this table and the references cited are to be found in the paper by Scarascia-Mugnozza (1965), 
"Induced mutations in the breeding for lodging resistance", The Use of Induced Mutations in Plant Breeding 
(Rep. FAO/IAEA Tech. Meeting, Rome, 1964), Pergamon Press, Oxford, pp. 537-58. 

of the genetic nature of the mutation for lodging resistance; anyway, the inheritance of some 
single characters in mutants of this type has been studied. This is the case, for instance, of the 
dominance of the increased length of the uppermost internode, or of the recessivity of the ear 
length ascertained in some barley erectoides (Hagberg, 1959). In durum wheat mutants the culm 
shortening has been found to be controlled either by dominant (Bozzini and Scarascia-Mugnozza, 1967) 
or by recessive genes (Scarascia-Mugnozza, 1966b, c, 1967), which segregate in a monohybrid ratio. 

(8) The appearance as early as M2 of such complex phenotypes, which breed true in the 
following generations, may indicate that simple heritable changes may be responsible for the control 
of important metabolic and organogenetic pathways of the plant, thereby promoting the series 
of morphological, anatomical and biochemical traits that characterize the mutated phenotype as 
whole. 

(9) Short straw can also be obtained by spraying cereals with certain chemicals such as CCC. 
The effect upon lodging resistance is not always satisfactory. Some genotypes react little or not 
at all. Therefore it appears considering selecting for mutant genotypes with good response to CCC 
and similar compounds (Moritz et al., 1974). 

9 .6 . S H A T T E R I N G A N D S H E D D I N G R E S I S T A N C E 

Considerable losses are caused every year in a great number of cultivated plants by losing 
fruits or seeds before or during harvesting. Specific anatomical and histological features of the 
plants are responsible for these losses, which occur in one of the following ways: 

By shattering of the fruits (in legumes, crucifers, but also in sesame, buckwheat and other 
species) 
By shedding of seeds, fruits or whole infructescences (in grasses, legumes and others) 
Mutation breeding has not been used very much so far to develop shattering and shedding-

resistant strains, but several resistant types were selected from natural populations during the past 
decades. Shattering-resistant spontaneous mutants of Lupinus luteus have been known since 1935; 
they were used as valuable partners in lupine cross-breeding (von Sengbusch and Zimmermann, 1937; 
von Sengbusch, 1938). Analogous findings were obtained in Lupinus lutescens (Veenstra and 
Tienjaren, 1958), L. polyphyllus and L. mutabilis (Plarre and Porsche, 1961), L. angustifolius 
(Dt. Akad. Landw. Wiss.Ber., 1959) and in Vicia faba (Sirks, 1931). The resistance to shattering 
is correlated in the lupines with formation of a very thin layer of fibres in the wall of the pod. 
The genetic basis of this type of resistance could not yet be exactly clarified. Recessivity is 
assumed (Sirks, 1931; Hackbarth and Troll, 1959), but the character in question is very complex 
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and therefore it is not yet clear whether the resistance is really due to one single gene (Plarre and 
Porsche, 1961). 

Shattering resistance is an important breeding aim in the oil plants of the crucifers; large 
differences could be found with regard to this character when comparing different species and 
varieties of this group of cultivated plants (Loof, 1958; Andersson and Olsson, 1961). According 
to Garlicka (1959), resistant rape varieties possess a large number of specific thin-walled and 
lignified cells in their fruit walls. Corresponding results were obtained in Brassica juncea by 
Rai (1959); after having applied X-rays he obtained a shattering-resistant mutant that produced 
strikingly thick walls. Resistant plants were also selected in Sesamum indicum (Boronjuk, 1959; 
Langham, 1960; Ashri and Ladijinski, 1964). The genetic basis of this character in this species 
is likewise not yet clarified, but a polygenic system, possibly an additive manner of inheritance is 
assumed (Langham, 1960; Loof, 1961). 

Compared with this species, the shedding of seeds and fruits is very common, particularly 
in grasses, but also in legumes. The grain shedding of our main grain crops is no longer a serious 
problem. According to Hadley (1960), two genes are responsible for seed shedding in Sorghum 
virgatum; resistance is caused by recessivity of both these genes. Obviously, there is a higher 
degree of polygeny in wheat and oats and a higher genetic variance can be expected in these species 
(Wienhues, 1959; Coffman and MacKey, 1959). According to Hertzsch (1959a, b) clear differences 
exist within the genus Phalaris with regard to the degree of seed or fruit shedding. Genotypes 
showing a full resistance were also selected in Dactylis glomerata and Arrhenaterum elatius 
(Knoll and Baur, 1942; Hein, 1955; Hertzsch, 1959a, b); furthermore, in some legumes such as 
Lupinus luteus and Onobrychis viciifolia (Schieblich, 1951; Tomaszewski, 1953). 

At present mutation breeding has prospects of success particularly in self-pollinating legumes 
and grasses because it can depend on the presence of genes homologous to those found in lupines 
and grain crops. Useful mutants can certainly be expected by homologous mutations. It would be 
of considerable importance if wild grasses and wild-growing legumes such as Lupinus perennis 
and many Vicia species could acquire those characters, which are considered typical for cultivated 
plants. The first results in this direction were obtained in Phalaris (Hertzsch, 1957) and Alopecurus 
(Wohrmann, 1958) in X-ray treatments and in Soja after neutron irradiation (Humphrey, 1954). 

9.7. TOLERANCE TO LOW TEMPERATURE, DROUGHT, HEAT AND SALINITY 

The methods of mutation breeding have hitherto been used only to a very small degree for 
developing varieties with tolerance to low temperature, heat, drought and salinity of the soil. 
Therefore, a brief survey on the results of conventional breeding methods and some information 
on the genetic bases of the tolerance is given. 

Much work has been done during the past decades on the question of tolerance to low 
temperature, particularly in cereals, potatoes, fruit and forest plants. The genetic basis of frost 
resistance is very complicated and evidently not uniform considering different cultivated plants. 
In Hordeum winter hardiness is controlled not only by dominant but also by recessive genes and 
there is a correlation, between the degree of dominance and the average winter hardiness. 
According to Hoffmann (1944), Takahashi and Yasuda (1956) and Eunus, Johnson and Aksel (1962), 
the action of a polygenic system must be assumed supplemented by series of multiple alleles. Also 
in Triticum whole groups of different genes are effective, showing a transgressive inheritance 
(Nilsson-Ehle, 1909; Wienhues, 1954). Winter hardiness seems to be dominant in wheat and there 
is obviously a variance in the degree of dominance in relation to the parents used for hybridizations 
(Bondarenko, 1949; Wienhues, 1954). Toriyama and Futsuhara (1960) were able to state the action 
of seven dominant genes influencing the character ' tolerance to low temperature' in Oryza; a 
corresponding situation seems to be valid in Avena (Murphy, Stanton and Stevens, 1937; 
Amirshahi and Patterson, 1956). Further indications of a broad genetically conditioned variance in 
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respect of this character were obtained in Brassica oleracea (von Dobschiitz, Steger and Rasch, 1960), 
Raphanus sativus (Breuninger, 1941; Shimokawa et al., 1953) ,Fagopyrum (Ruczkowski, 1958), 
Pisum sativum (Andeweg and Kooistra, 1962), Medicago sativa (Myers and Rudorf, 1959) and 
in different species of Lupinus (Rep. Agric. Res. Netherlands, 1960). Moreover, it should be 
mentioned that certain wild potatoes and some primitive cultivated potatoes are characterized by 
a considerably high degree of winter hardiness. A polygenic system could also be found in these 
species and the feature 'winter hardiness' is inherited partly in a dominant, partly in an intermediate 
way (Reddick, 1930; Pissarev, 1933; Mastenbroek, 1956; Rudorf, 1958). Furthermore, it could 
be shown that genes causing a certain tolerance to low temperature are even present in the genomes 
of those cultivated plants that grow in warmer zones of the earth. This may be valid with 
regard to Gossypium (Marani and Dag, 1962), Nicotiana (Schipfer, 1958/59; Romancuk, 1959). 
Zea (Sidorov, 1961) and to some wild-growing tomato species such as Lycopersicon hirsutum and 
L. peruvianum (Firbas, 1960; Linden, 1960). 

The first results, using methods of mutation breeding, have already been obtained on the 
question of resistance to cold. Winter varieties of Hordeum were already produced by the application 
of X-rays to summer varieties during the early epoch of mutation research (Lutkov, 1937; 
Gustafsson, 1941a, 1947); winter hardiness was found to be a recessive character in this material. 
There are also winter-hardy mutants of Avena containing more ascorbic acid compared with their 
initial lines, which were susceptible to low temperatures (Futrell, Lyles and Pilgrim, 1961/62). 
Finally, an X-ray induced mutant strain ofSoja was obtained by Zacharias (1956) that is able to 
germinate at temperatures of 4°C, while the germinating temperature of normal soybean varieties is 
about 8°C. There is no doubt that this mutant represents a valuable basic material for developing 
strains and varieties that may be cultivated in cooler regions. 

The study of numerous varieties, strains and ecotypes of different cultivated plants has shown 
that there is also a broad genetically determined variability with regard to tolerance to drought, 
which should be used for practical breeding to a considerably higher degree than done so far. Highly 
tolerant genotypes have been found particularly in cereals by pure selection or by selections 
following hybridization. Results were obtained in Triticum (Injakina, 1959; Dantuma, 1960; 
Rjub, 1962; Kuznecova, 1963; Pimenova, 1963), Hordeum (Orlov, 1936; Hoffmann, 1959a), 
Avena (Meyer, 1930; Ostermayer, 1934), Oryza (Lin, 1959; Morishima and Oka, 1960/61), Zea 
(Jenkins, 1932; Fenaroli, 1961) and in Setaria (Danil'. £uk, 1958; Scheibe, 1959a). Analogous 
findings also exist with regard to other cultivated plants such as Arachis (Billaz, 1962), Phaseolus 
vulgaris and Pisum sativum (Gogorov, 1937; Heyn and Hertzsch, 1943), kidney beans (RaCinsky, 
1963), tomatoes (Genkel, Morozova and Pronina, 1962) and carrots (Simaraev, 1961). Moreover, 
drought-tolerant varieties are known in different fruit and forest species; details can be found in 
Volume VI of Roemer and Rudorf (1962). 

The genetic relations are not yet completely clarified. A nearly intermediate inheritance was 
found in wheat by Stefanovskij and VeCeslova (1939) but it should be assumed that the situation 
is more complicated. In extensive experiments it could be demonstrated that it is possible to unite 
tolerance to drought with other useful characters such as a good growth ability, earliness and good 
properties in yield, not only with regard to quantity but also to quality. In wheat, for instance, a 
combination of tolerance to drought and shattering resistance was reached (Pimenova, 1963; 
Estacion Experimental de Aula Dei, 1960-1961). 

A comparable situation exists in the field of tolerance to heat. Heat-tolerant genotypes have 
been selected in winter oats (Kinbacher, 1962), carrots (Simaraev, 1961), tomatoes (Schaible, 1962), 
melons (Gordeeva, 1960) and in potatoes (Makarova, 1960; O'Keefe, Werner and Miyoski, 1959). 
The last-mentioned authors found that the tendency to heat tolerance in potatoes is a dominant 
character. 

Experience in the systematic selection and breeding of salt-tolerant cultivated plants is very 
limited. There are some findings in grasses and legumes on certain varietal differences in respect of 
salt tolerance and there is no doubt about the heritability of this character. Some indications were 
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obtained in wheat (Ayers, Brown and Wadleigh, 1952; Azeez and Siraj-ud-din Shah, 1959), barley 
(Ayers, Brown and Wadleigh, 1952; Hoffmann, 1959a), in Triticum-Agropyron hybrids (Matuhin, 
1960), millets (Scheibe, 1959a), in Phalaris, Elymus, Agropyron (Olsen, 1958, 1959) and in beans 
(Ayers, Wadleigh and Magistad, 1943), alfalfa (Olsen, 1958) and lupines (Koch, 1960). 

It may be worthwhile mentioning a few observations indicating that there are certain relations 
between tolerance to unfavourable environmental conditions and the level of ploidy. Tetraploid 
strains of Raphanus sativus and the wild potato Solanum macolae turned out to be more tolerant 
to low temperature than were their diploid initial lines (Nishiyama, 1942; Lebendeva, 1961). On 
the other hand, tetraploid strains of rye and red clover showed less frost resistance compared with 
the diploid material (Sjoseth, 1959). Investigation in maize showed a better adaptability to 
drought of the tetraploid material compared with the diploid strains (Alexander, 1960). These 
findings suggest a combination of the methods of mutation and polyploidy breeding. 

It can be assumed that mutants arise infrequently in distinct cultivated plants that show a 
certain tolerance to salt, drought and heat, which would be of great importance for cultivation in 
large salt areas. Selection of these mutant types may be a little circumstantial but it will chiefly 
be a problem of organization, which should at least be soluble in self-pollinating species, should 
international co-operation, using the FAO experimental stations of different countries, be available. 
The yield capacity of these mutants can remain disregarded to a certain degree in the initial stages of 
this development. The genes in question must be transferred to cross-breeding programmes and 
could be used for development of strains or varieties showing satisfactory capacities, even under 
extremely abnormal environmental conditions. If such genotypes already exist, they should be used 
as initial material for performing mutation breeding. This was done in Hungary where earliness 
could be induced by means of gamma rays using lime-tolerant strains of Lupinus varius, resulting 
in the union of two useful characters in the same strain (Koch, 1960). Moreover, it seems to be 
appropriate to prove that the mutants already exist in the large collections of mutant genes of many 
cultivated plants with regard to their capacities concerning tolerance to drought, heat, cold, salt, 
lime and to other negative environmental criteria. Considering the already existing genetic vari-
ability, the presence of homologous genes in the genomes of many species can be assumed and 
progressive results can be expected from induction of mutations. 

9.8. DISEASE AND PEST RESISTANCE 

The potential of induced mutations to contribute to improved disease resistance in crop plants 
was reviewed in detail at a panel in 1970 (IAEA, 1971). Only certain aspects will be discussed here. 

Disease-resistant varieties are key factors in increasing yield and keeping crop production safe 
from epiphytotic attack. The development of resistant varieties is a means of controlling many 
diseases and therefore has become a common object in plant-breeding programmes. 

The discovery of genetic resistance in plants is attributed to Orton, who at the end of the last 
century selected cotton for resistance to wilt caused by Fusarium oxysporum f. vasinfectum. 
Early in 1900 Biffen and Nilsson-Ehle demonstrated for the first time that the resistance of wheat 
and barley to rust and mildew was controlled by Mendelian factors. 

As already pointed out by Vavilov (1914), the condition of resistance within a susceptible 
species is common in nature, and although its frequency is very variable, resistant forms are generally 
low in number (Favret, 1965). But as the disease is the product of an interaction between the host 
organism and the pathogenic organism (fungi, bacteria or viruses), genetic variability can be expressed 
in the former as well as in the latter. In the pathogen the variability is expressed by means of genes 
for virulence or avirulence whose differentiation on a set of differential varieties allows the identifi-
cation of the phenotype known as 'physiologic' or 'pathogenic races' (Table XXI). This kind of 
interaction is identified in the host as specific resistance, which in many instances has proved to be 
of a temporary value in breeding because the pathogenic organism creates new virulent races while 
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TABLE XXI. STEM RUST RACES AND THEIR REACTION TO SOME DIFFERENTIAL 
WHEAT VARIETIES. R, S AND M MEAN RESISTANT, SUSCEPTIBLE AND MEDIUM 
REACTION, RESPECTIVELY 

Variety 
59 19 

Rust race 

38 56 11 15B 

Little Club S S S S S S 

Marquis R R R S . S S 

Kanred R R S S s S 

Mindum R S M R s S 

Vernal R R , R R R S 

Khapli R R R R R R 

the plant-breeder develops new resistant forms, thus originating a dynamic equilibrium (Mode, 1958). 
This situation may compel the breeder to search continuously for new sources of resistance or to 
find means of controlling the evolution of the pathogens. 

On the other hand, if no genetic differences concerning its virulence exist in the pathogen, the 
resistance is called general or non-specific (Vallega, 1966; Loegering, 1970). As compared with 
the former type, the latter would lead to more durable solutions. Within this group one would 
consider a certain resistance under field conditions, in adult plants, tolerance, disease-escape, etc. 
Up to the present its employment in plant breeding has been restricted because of the difficulty of 
evaluating and selecting carrier plants, particularly when observations are made on an individual 
basis. In the case of specific resistance the phenotype is usually more clearly expressed and 
selection can be efficiently performed on single plants and even on seedlings. 

9.8.1. Genetics of the resistance 

The disease reaction has been widely studied in many plant species. From these studies the 
following general conclusions have been drawn (Favret, 1967a): 

(1) Resistance is often found to be governed by simple inherited Mendelian factors, 
especially dominant ones. The allele for resistance appears generally epistatic over 
the alleles for susceptibility present in other genes; consequently, the existence of 
one of the former is sufficient to make the plant resistant; 

(2) A high number of loci (= genes) may regulate the intensity of a disease; 
(3) A large number of alleles may control the manifestation of resistance. They are 

identified by their intra- and intergenic interaction, their higher or lower expressivity 
under different environmental conditions, their mutability and by the resistance 
spectrum. 

9.8.2. Genetics of the pathogenicity 

The first study concerning this aspect is attributed to Goldschmidt (1928), who crossed 
two races of Ustilago violacea, one capable of attacking Silena saxifraga and the other Melandrium 
album, the hybrid being virulent on both host species. The most analysed species of fungi have 
been cereal rusts, Puccinia spp. (Johnson, 1946), flax rust, Melampsora lini (Flor, 1959), cereal 
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TABLE XXII. A QUADRATIC CHECK REPRESENTING THE 'GENE-FOR-GENE' 
HYPOTHESIS (Loegering, 1966) 

Pathogen genotype 

PP (avirulent) pp (virulent) 

RR L H 

Host genotype 

rr H H 

P = allele for avirulence 
p = allele for virulence 
R = allele for resistance 
r = allele for susceptibility 
L = low infection (resistant) 
H = high infection (susceptible) 

mildew (Moseman, 1966), apple scab, Venturia inaequalis (Keitt and Boone, 1956), smut, 
Ustilago spp. (Holton, 1959), etc. 

Although some references have been made to the existence of factors present in the cytoplasm, 
the regulation of the character is nuclear and virulence is generally recessive in the presence of an 
allele for avirulence in both the diploid and the heterocariotic forms. 

Multiple allelism appears to be unknown in the pathogen, in contrast to what was commonly 
referred to in the host; as a result, it can be inferred that the number of loci involved in virulence 
is high and since the number of chromosomes is low, some may be linked (Person and Sidhu, 1971). 

The evolution of pathogenicity depends upon the following factors: 

( a ) M u t a t i o n o r i g i n a t i n g n e w a l le les f o r v i r u l e n c e ( S c h w i n g h a m m e r , 1 9 5 9 ) 

(b) Recombination of genes during the moment of the biological cycle that permits 
the grouping of more than one allele for virulence in the same individual or clone 

(c) Existence of an adequate environment, which mainly refers to the host genotype, 
especially in the case of the obligatory pathogen. 

A higher number of possible races being present in a given area will be the result of the simulta-
neous effect and interaction of the three above-mentioned factors. 

A sexual cycle takes place in numerous fungi such as in rust, smut and mildew; but in 
incomplete fungi (Deuteromycetes) recombination can only occur as a result of the formation 
of anastomosis between hyphae and nuclei migration (production of heterokaryons) or by 
parasexual processes as shown by Pontecorvo (1959) for mycelial fungi; parasexuality includes 
nuclear fusion and subsequent haploidization with probable somatic crossings-over. Buxton (1959) 
proved its existence in Fusarium vasinfectum f. pisi, a pathogen organism on peas. 

For further information it is advisable to consult Williams' textbook (1964, chapter XI) and 
Stakman and Harrar (1957). 

9.8.3. Host-parasite relationship 

A disease becomes apparent only when both organisms, host and pathogen, have established 
contact. The score of the disease is the phenotype that allows the simultaneous classification of 
the host (resistant or susceptible) as well as of the pathogen (avirulent or virulent). The genetic 
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TABLE XXIII. THE SIMPLEST SITUATION OCCURRING IN HOST-PATHOGEN GENE 
INTERACTION, FROM WHICH THERE ARE TWO ALLELES FOR VIRULENCE 
(P AND p) IN TWO PATHOGEN GENES (P, AND P 2 ) AND TWO ALLELES FOR 
REACTION (R, AND R 2 ) IN ONE HOST GENE (Favret, 1967b) 

For definition of letters see Table XXII. 

Pathogen genotype 

Pi P, Pi P. PI PI P , P , 
P2P2 

p 2 p 2 

P2P2 P2P2 

R,R, L L H H 

Host genotype 

R2 R 2 L H L H 

system of both organisms could manifest a relationship. From this angle Flor (1959), studying 
the genetic behaviour of flax and Atelampsora lini, pointed out the existence of a correspondence 
between the genes for virulence in the pathogen and the genes for reaction in the host. The 
quadratic check has been established from this relationship, as shown in TableXXII(Loegering, 1966). 
This idea is known as the 'gene-for-gene' hypothesis. 

Taking into account the existence of multiallelic series within the host genes and diallelic ones 
in the pathogen, the said interaction can be presented g j shown in Table XXIII (Favret, 1967b). 
For a more detailed study of host-parasite relations see Fuchs (1971), Loegering (1971), Person 
and Sidhu (1971), Robinson (1971) and Ou (1971) etc. 

9.8.4. Induction of mutations and mutant selection 

The first report on the induction of mutations for disease resistance is due to Freisleben and 
Lein (1942), who isolated a mutant in Haisa barley simultaneously resistant to three races of 
powdery mildew in Germany, as a result of a treatment with X-rays and after a survey of about 
12 000 progenies. 

Subsequently, and specially since 1950, positive results have been reported for many different 
species; a list of examples till 1964 is presented in Table XXIV. The main features of this work 
have been reviewed by Konzak (1956b, 1959a) and Favret (1960b, 1965). For further references 
the reader is advised to plant-breeding journals and to specific reports published by the IAEA in 
1971, 1974, 1976 and 1977. 

As in other characters, the success in induced mutagenesis programmes for resistance to 
diseases depends upon careful selection of the parent variety, an effective mutagen treatment and 
the screening method. The latter should be the most reliable and efficient manner of separating 
susceptible from resistant plants. For this it is essential to know the genetic sources of variation 
of the pathogen, thus permitting the choice of the most adequate race or races of the pathogen 
for inoculation. 

From the host-parasite relationship presented in the preceding section it is evident that a 
mutation induced in a susceptible host can be expressed or remain cryptic, according to the type 
of inoculation employed in the screening. As a result, the mutation frequency observed will not be 
identical with that induced. The employment of a population of races will increase the proportion 
of the cryptic mutations because only those with a wider spectrum of resistance will be detectable. 
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TABLE XXIV. LIST OF EARLIER EXAMPLES OF MUTATIONS FOR RESISTANCE 
TO DISEASES OBTAINED IN PLANTS BY MUTAGENIC TREATMENTS 

Host Parasite References 

Barley Erysiphe graminis 

Wheat 

Durum w h e a t 

Oats 

Corn 

Flax 

Peanut 

Black currant 

Poa pratensis 

Puccinia hordei 

Puccinia graminis 

Ustilago nigra 

Puccinia graminis 

Puccinia recondjfg 

Puccinia graminis 

Puccinia graminis 

Puccinia coronata 

Helminthosporium victoriae 

Sclerospora maydis 

Melampsora lini 

Sclerotium rolfsii 

Cercospora personata 

Cronartium ribicola 

Puccinia graminis 

Freisleben and Lein (1942); 
Bandlow (1951); Nover and 
Bandlow (1958); Hansel and 
Zakowsky (1956); Favret and 
Rodriguez (1957); Favret (1960c); 
Pollhamer (1958, 1959); 
Hoffmann (1959b) ; Hof fmann and 
Nover (1959); Hagberg, Persson 
and Wiberg (1963); Gaul (1964) 

Tavcar (1960) 

Shebeski and Lawrence (1954) 

Pollhamer (1961) 

Ausemus, Hsu and 
Sunderman (1955); 
Myers et al. (1956); Hof fmann 
(cf. Konzak, 1956a, b); 
Favret (1959, 1962); Bhatia, 
Swaminathan and Gupta (1961) 

Caffey and Wells (1956); 
Hoffmann (cf. Konzak, 1956a, b); 
Birnie (1960); Favret and 
Cenoz (1963) 

Jenkins (cf. Konzak, 1956a, b) 

Konzak (1954, 1959a, b); 
Frey (1955); Koo and 
Myers (1955); Myers et al. (1956) 

Konzak (1956a, b); 
Wallace (1960, 1961); 
Chapman et al. (1959) 

Konzak (1956a, b) 
Wallace and Luke (1961) 

Respondek (1958) 

Flor (cf. Konzak, 1956a, b) 

Gregory (1956b) 

Gregory (1956b) 

Bauer (1957) 

Hanson and Juska (1959) 
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TABLE XXIV. (cont.) 

Tomato Phytophthora infestans Akesson (1961) 

Rice Cercospora Bekendam(1961) 

Piricularia oryzae Lin and Lin (1960) 

Cochliobolus Bekendam(1961) 

Tobacco Virus-Y KoeUe and Wahl (1962) 

With fungi of asexual reproduction the use of pure races is advisable; consequently, clones 
for further employment and conservation must be purified previously, which can be done by 
repeated single colony isolations. If a greater assurance is required, monosporidial isolation will 
become necessary; this is attained with a micromanipulator or, more simply, by using a microscope 
and a fine wire probe. 

On the other hand, for fungi that must necessarily go through a sexual process, such as smuts, 
populations with a medium level of pathogenicity must be employed and tested in each generation. 
Preservation as spores is recommended for mycelial fungi as this reduces the probability of a change 
in pathogenicity. 

In autogamous plants the host stock should be genetically pure. Two cycles of individually 
bagged selected plants would provide sufficient evidence of purity and preclude the occurrence of 
natural out-crosses, which can produce misleading results (Caldecott, Stevens and Roberts, 1959). 
It is also recommendable to purify the stocks of asexually propagated plants (potatoes, fruit 
trees) if one wishes to prevent any doubt of the mutational origin of a resistant plant. The same 
type of problem occurs in cross-pollinated plants (rye, sunflower, corn) and cannot be entirely 
solved. Inbred lines may be convenient for detecting mutations; however, their value needs to be 
established in hybrids or open pollinated populations. 

The method of inoculation, whether in the greenhouse or in a disease nursery, must aim at a 
uniform infection of the host plant population, not allowing for any escapes to be misinterpreted as 
mutants. Confirmation of suspected mutants in subsequent generations is always necessary before 
results are publicized. Whether it is preferrable to screen for mutants in the seedling stage or later 
in the greenhouse or in the field depends upon the disease in question and the type of resistance 
being sought. In any case one needs to check correlations between results obtainable with seedlings 
(and under somewhat controlled environmental conditions) and results under typical farm conditions. 
The seedling reaction appears to be more precise and convenient for certain genetical studies; 
however, it usually does not allow one to discover moderate levels of resistance or adult plant 
resistance, which can be economically very valuable in lowering the danger of epidemics and reducing 
yield losses. 

For certain diseases inoculation with pathogen spores can be replaced by the application of the 
pathogen's toxin, thus allowing screening not only among plant populations but also among cells 
cultivated in vitro. The method has been used successfully for Helminthosporium victoriae 
in oats (Konzak, 1956b; Wallace, 1965) and for Helminthosporium sacchari in sugarcane 
(Heinz, 1973). 

In those cases where the resistance is expected to be expressed only quantitatively, screening 
should be carried out among single plant progenies in M3 rather than in M2 . Resistance can then 
expressed as the frequency of more or less diseased plants per progeny. The opposite is true for 
selection of a qualitative disease reaction, where single plants in M2 are appropriate for analysis. 
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Sometimes, however, later generations give a higher probability for selecting a desired mutation 
since it will appear in more plants, particularly when dealing with recessive factors. 

Both physical and chemical agents have successfully been employed for inducing disease-
resistant mutants, although radiation has been used more frequently and therefore may appear to 
be more effective (Favret, 1963, 1965). A certain specificity of mutagens could be due to differences 
in producing more or less chromosomal aberrations than point mutations (Favret, 1962). 

9.8.5. Some examples of resistant mutants studied in more detail 

Although numerous examples of resistant mutants have been cited in the literature (Table XXIV), 
few of them have been genetically analysed, studied in detail from the point of view of disease-
resistant mechanisms, or incorporated into breeding programmes for cultivars. 

Induced blight resistance in oats 

Resistance to seedling blight caused by Helminthosporium victoriae was one of the first 
induced mutations obtained (Konzak, 1956b). A technique was developed that permitted efficient 
screening under controlled environmental conditions. Induced mutation indexes have varied 
between 1 and 35 X 10"8 mut/r/locus (Wallace, 1960, 1961, 1965). 

As susceptibility to blight disease in Victoria oat was linked to resistance to crown rust race 45, 
every mutant for blight resistance was susceptible to rust. However, several mutants were found 
to carry different types of resistance to crown rust, suggesting induced separation of the two 
closely linked genetic loci. 

Induced resistance to stem rust in oats 

A more studied case (Konzak, 1959b) shows that the Clintafe variety used as motherline and 
carrying the D gene (White Russian factor), which confers resistance to P. graminis avenae 
(races 1, 2, 5, 8, 10 and 11), yielded two mutants under X-ray treatment. One mutant had the 
A gene (Richland factor), which supplies resistance to races 1, 3, 4, 5, 7, 7A and 12; in the other 
mutant progeny a plant appeared to carry also the 'Richland factor' and in another plant a 
temperature sensitive resistance, similar to the BC gene complex, which gives resistance to all races 
except 7A and 13A, a condition that breaks down at high temperature. The new resistance 
obtained was not present in any previously known source or combination of genes. 

Induced resistance to stripe, leaf and stem rust in wheat 

The report of Hoffman (1959b) (cf. Konzak, 1959a) demonstrated the induction, through 
X-ray treatments, of several mutants with high resistance to a number of races of P. glumarum 
and some to P. recondita. Four mutants showed a simultaneous resistance to leaf and stripe rust. 

Favret and Cenoz (1963) obtained a mutant resistant to races 144 and 2 from Sinvalocho 
wheat, in addition to the resistance against race 20 already present in the motherline. The same 
process induced resistance to stem rust races 17, 11 and 15. Further studies showed that the 
mutation (was produced in a locus different to all others identified up to that time (Favret, 1965). 

Induced resistance to mildew in barley 

Mildew in barley has been analysed more intensively than any other disease and many 
researchers have been able to induce mutations for resistance against different races (cf. Favret, 1965). 

The complex gene Ml-m/a/c for mildew reaction in barley, located on chromosome 5 and 
known to be present in an active form in many different varieties from different origins, was found 
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to have a large number of alleles or pseudo-alleles. Except for those that are identical by descent, 
all others that have been studied could be differentiated in one way or another (Favret, 1965). 
Favret identified four induced mutations in this complex locus, all showing dominant inheritance. 
In the ml-o locus on chromosome 4, on the other hand, several recessive mutations for complete 
resistance to barley mildew were induced independently by different workers (cf. Hansel, 1971; 
Wiberg, 1974; Favret, 1971b; Hoffmann and Nover, 1959; etc.) For some time this type was 
thought not to occur in nature (Jorgensen, 1971) till a mutant of spontaneous origin was discovered 
among Ethiopian barley. Evidence suggests that most if not all of the mutants represent different 
alleles in the same locus (Favret, 1971a; Jorgensen, 1975). Ml-o mutants all showed necrotic leaf 
spotting, as a pleiotropic effect, assumed to be responsible also for the restricted yield. However, 
by intensive cross-breeding it appears that some of the pleiotropic effects may be reduced or 
eliminated (Schwarzbach, 1975). Furthermore, Jorgensen obtained evidence for interallelic 
recombination among spontaneous and induced mutants at the ml-o locus (Jorgensen, 1976). 
This could be taken as a strong argument against the opinion that spontaneous mutations differ in 
principle from induced ones, the latter being assumed always to represent substantial losses of 
chromosomal material. 

Resistance to pests 

Information concerning the induction of mutations for resistance to insects and other plagues 
is more scarce, in spite of the fact that the genetic variability in the host is important (Painter, 1951). 
Nevertheless, the resistance obtained in sesame to gall fly, Asphondila sesami (Jacob, 1955), cotton 
resistant to Empoasca devastans (Swaminathan, 1965a), barley resistant to the army worm, 
Pseudoaletia adultera (Favret and Ryan, unpublished), wheat resistant to stem sawfly, Cephus 
cinctus (Scarascia-Mugnozza, 1966a), are worthy of mention. 

Practical utilization of mutants for disease resistance 

The induction of disease-resistant mutations seeks to obtain new genes of alleles to control the 
appearance of new pathogenic races in the fungus. Since the fungus is able to spread a new race 
in less time than that required by a plant breeder to build a new variety, the development of new 
genes for resistance should be attempted as early as possible and not delayed till the outbreak of a 
severe epidemic. Observation of the pathogen population is essential. Some research workers have 
even tried to predict the evolutionary capacity of pathogens by treating them with mutagens 
(Kwon, 1974). 

If the host stocks used in mutagenic treatments are outstanding cultivars, in some cases the 
direct production of improved varieties is feasible. The Florad variety resistant to races 203 and 
206 of crown rust originated as a mutant of Floriland oats (Wallace, 1961). S. Gama, a mutant 
induced on the Sinvalocho M.A. wheat variety, was officially released in 1962 as a variety resistant 
to all pathogenic races of stem rust found in the southern part of South America (Favret, 1965). 

A remarkable success of mutation breeding for disease resistance was the development of the 
peppermint cultivar Todd's Mitcham by Murray and co-workers (Murray, 1969, 1971). 

Mildew resistance was induced in male sterile lines and the pollen parent of pearl millets in 
India. The reconstituted resistant hybrid was released to commercial production in 1975 (Murty, 
1976). Promising results have been reported from attempts to induce tolerance to Septoria nodorum 
(Bronnimann and Fossati, 1974) and it has also been shown that mutants selected for other traits 
may carry quantitative genetic variability for disease reaction (Borojevic, 1974). 

It can be expected that mutations for disease resistance will be used more and more in cross-
breeding, in addition to their direct utilization for improving good cultivars (Favret, 1976), for 
example, two oat cultivars, Florida 500 and Florida 501, derived from cross-breeding with the 
above-mentioned stem rust-resistant mutant Florad (cf. Sigurbjornsson and Micke, 1974). In this 
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context one should also mention the transfer of genes for disease resistance from alien species 
to cultivated crops by means of induced translocations (cf. Knott, 1971; Knott and Hughes, 1974; 
Aung and Thomas, 1976). Although hopes that resistance obtained in this way would be rather 
stable have been disappointed (Fischbeck, 1974), the method nevertheless allows the spectrum of 
available genes for resistance to be widened (see also section 10.1). 

9.9. QUALITY 

Plant breeders have remarkable possibilities of improving crops with regard to their chemical 
composition so as to meet the quality requirements of both the consumer and the trading and 
processing industries. Such parameters as starch quality, enzyme activities, protein quantity, 
protein composition, oil content and quality need attention. 

The first important problem the breeder is faced with in this connection is to define precisely 
the desired quality parameters and to establish their order of priority m his particular situation. 
This may be a most difficult problem to solve. In most breeding programmes such attributes as 
yield, disease resistance, climatic adaptation will be placed before the consideration of quality traits. 
This is mostly a matter of priority, but in other cases it may simply come from the recognition of 
the fact that it is more convenient for the breeder to select first for the field characteristics. This 
will have also a positive economic effect, as it reduces the number of samples that have to undergo 
time-consuming and costly laboratory tests. Restricting the population before screening for 
quality traits may of course reduce the probability of identifying genotypes with the quality factors 
desired. 

The next critical problem is to develop simple, quick and cheap screening techniques for the 
characters to be improved. Such techniques should be simple enough and require only little 
material so that primary screening in the early generations can be done in the breeder's own 
institution. In some instances screening may best be done by a series of steps, beginning with a 
rapid and sometimes only suggestive analysis, which must be followed by a more vigorous chemical 
analysis once more material is available, and ultimately by testing on a larger scale and with methods 
close to the end use of the product (milling and baking tests, feeding trials with animals, etc.). 
The latter tests will almost always be done at specialized laboratories. 

As a first step to improve the quality factors of cultivars, the breeder normally should screen 
available cultivars, breeding lines and germ plasm collections. After detecting the desired traits, 
the breeder has to choose the most economic way to incorporate such traits into first-rate cultivars 
and to combine these traits with other desired traits. As far as screening for nutritional quality 
of cereals is concerned, the results of analysing large germ plasm collections have not been very 
satisfactory. In particular, the search for genotypes with significantly increased levels of particular 
amino acids, such as lysine, has been somewhat disappointing. This is understandable since from 
the standpoint of natural evolution a high percentage of lysine seems to carry no beneficial fitness 
value. A few genotypes with higher lysine content in the grains have been found in collections of 
maize, barley and sorghum; however, it was also demonstrated that high lysine mutants could be 
induced with various mutagens (for barley, see Doll, 1975). Induced mutations for quality 
characters may have an advantage if they are produced in a good genetic background, suitable for 
modern agricultural production and easy to utilize in cross-breeding. 

It appears relevant to mention that quality traits are, to a smaller or larger extent, subject to 
modification by environmental conditions. In particular, quantitative characters such as protein 
content are highly susceptible to the influence of soil, moisture, fertilizer, temperature and light 
conditions. This interaction makes the selection difficult where replicated trials cannot yet be 
carried out. Therefore, caution is advised in drawing conclusions about the success of selection and 
results should only be accepted after they have been confirmed. 

In the context of this manual it is impossible to give adequate treatment to each important 
crop quality factor. Only some examples are given to illustrate the more general considerations. 
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In addition, a number of institutions are referred to as having extensive experience in screening 
for particular quality traits. Needless to say, the breeder should seek the advice of specialized 
institutes before embarking on a quality-breeding programme. 

9.9.1. Starch 

The polysaccharides, of which starch is the principal one, constitute the major component of 
cereal grains and are probably the most important compound for energy storage. Starches as a 
class of compounds have considerable diversity in both their starch grain structure and their 
chemical composition. Most of this diversity is reflected in nutritional or technological characteris-
tics, such as digestibility, suitability for bread making and malting, cooking characteristics etc. 
There are considerable differences between genotypes with regard to resistance of starch against 
pancreas amylase (Sandstedt et al., 1962). The starch in cereals is generally more easily digested 
than starch in roots or tubers. Rice starch, on the other hand, is more resistant than oat starch. 

Among the carbohydrates the amount of pentosans can vary considerably. This is important 
as a quality parameter with regard to chicken feed and also to baking characteristics. In maize 
great variation is found in the content of starch, varying from 9—74%. The ratio of the two starch 
compounds amylose and amylopectin varies from 0 to 80% amylose (Zuber, 1965). Variation is also 
found in barley in this respect (Goering and Brelsford, 1965). In rice the waxy character is 
determined by the absence of amylose; methods for selecting this character are available (Juliano, 
1972). The importance of the various polysaccharide components of wheat for milling and bread 
making is covered in Pomeranz (1971). In this publication analytical methods are described for 
many of the polysaccharide and non-polysaccharide components of the wheat grain. Also, the 
role of alpha-amylase in bread making is considered and methods are outlined for measuring this 
important enzyme. Standardized methods for determining malting properties are available through 
the European Brewery Convention and are discussed at their congresses. Other methods of 
characterizing starch in different genotypes and of screening for the desired quality have been 
described by Drews (1965, 1966), Leach (1965), Munck (1968) and Sandstedt (1946). For 
keeping abreast with new methodological developments, the reader is referred to the journal 
Cereal Chemistry. 

9.9.2. Protein 

In many parts of the world, especially in the lower income groups, there is a dietary shortage 
of protein and/or certain essential amino acids (EAA). Since plant products, particularly cereal 
grains, are the basic food of most of the world's population living in the less-developed countries, 
they are the main source of protein as well. Cereal grains are relatively low in protein content 
and their amino acid composition in general does not suit human requirements. Therefore, where 
cereal grains constitute the major part of a human diet, the supply of protein and EAA will be 
inadequate. Increasing the quantity and nutritional quality of grain protein is a potential means 
of combating malnutrition. 

To estimate the protein quantity, a number of methods are available based upon nitrogen 
determination (Kjeldahl, Biuret, Dumas) and some of them have been more or less automated. 
In general, however, the use of these methods has been a limiting factor in an ambitious programme 
for protein improvement. Therefore, more rapid methods have been sought and in recent years 
many workers have used the protein dye binding property as a means of measuring the protein 
amount. The dye most often used is acrilan orange, which is specific for the basic amino acids 
(lysine, histidine, arginine). The use of this method implies the assumption that the proportion 
of basic amino acids to the total protein content is constant. Such an assumption can only be 
correct if one deals with material that does not genetically deviate in its proportion of basic 
amino acids (see below). 
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Kosta, Ravnik and Dumanovic (1969) have shown the feasibility of determining protein 
nitrogen by neutron activation. Nitrogen determination in single seeds by the (d,p) and (d ,a ) 
reactions in 14N were suggested by Sundquist et al. (1974). Other nuclear techniques proposed for 
determining protein content have been mentioned by Luse (1970) and Kaul (1973). Another new 
possibility seems to be the simultaneous determination of protein, water and oil by infra-red 
reflectance (information available from commercial companies such as Neotec Corp. or 
Technicon Corp.). 

In the task of identifying 'high protein' genotypes, the basis for expressing protein content has 
been the subject of much concern. If protein content, for instance, is expressed in terms of 
percentage of seed weight, a number of factors may interplay that have nothing to do with protein. 
A genotype with a defect in the polysaccharide synthetic system ('shrunken endosperm') may be 
selected as a 'high protein' variant simply because the content of polysaccharide products is reduced. 
To avoid such a bias, some workers have suggested expressing protein as protein amount per seed. 
However, this method can also be criticized because it may lead unintentionally to increased seed 
sizes rather than to higher protein contents. Therefore the breeder must choose an appropriate 
combination of selection criteria to ensure a selection response in the desired direction. 

The problems of improving protein quality (i.e. amino acid ratios) are somewhat different. 
In many cereals the first nutritionally limiting essential amino acid is lysine. Tryptophane and 
threonine are also regarded as deficient in some species. Screening populations of crop plants for 
variation in EAA is slow and expensive as it relies on the determination of the amino acids in a 
protein hydrolysate by column chromatography in an 'amino acid analyser'. In screening for 
high lysine genotypes, the application of the Udy dye binding technique (DBC) is useful in that 
by this rapid colorimetric measure of dye bound by basic amino acids an estimate of lysine content 
is also obtained. Olson and Heiges (1962) have studied the method with barley and Mossberg (1969) 
has published extensive results for barley, wheat, oats, rye, rye-wheat and maize. For the best 
results, the method should be used in combination with another method determining the total 
protein quantity (see PAG Guideline No. 16, 1975). The method can be automated to some 
extent to increase the number of samples in a given period of time (Axmann, 1975). 

With regard to the sulphur amino acids (methionine and cysteine), which are the first essential 
amino acids limiting the protein value in legume grains, relatively cumbersome methods are 
currently available for primary screening. Some workers found a good correlation between total 
sulphur content in the seed and the content of sulphur amino acids. Others, however, could not 
confirm this. Therefore careful background investigations must first establish for the species under 
consideration whether a valid correlation exists (Boulter and Evans, 1976). 

9.9.3. Fats, oils and fatty acids 

Vegetable oils are one of the most valuable agricultural products in terms of energy source, 
provision of essential fatty acids, carriers of fat soluble vitamins and a source for many industrial 
products. Their value and utility primarily depends upon their fatty acid composition (Downey 
and McGregor, 1975). Therefore plant breeding for quantity and quality of vegetable oils is 
likewise important. As for other quality traits, rapid, precise and cheap analytical methods are a 
requirement. Traditional oil extraction methods (e.g. Soxhlet) are generally too time-consuming 
for screening a larger number of samples. A gravimetric method developed by Troeng (1955) 
simplifies the procedure insofar as the seeds are disintegrated and extracted simultaneously, while 
shaken in stainless steel tubes together with steel balls and a petroleum fraction. Oil determination 
can be done subsequently by weight or by refractometric measurement. Hartwig (1969) has 
pointed out that density classification can be used for rapid screening in early generations. High 
oil content seeds may be selected on the basis of their ability to float on glycerol-water mixtures. 

The determination of oil content with accuracy and rapidity m large numbers of seed 
samples has only recently been made possible by the application of NMR and gas-chromatographic 
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techniques. Regrettably, both methods are costly in capital investment and require experienced 
chemists for optimum performance. 

Nuclear magnetic resonance spectrometry (NMR) has been used to determine the oil content 
in maize, sunflower, soybean and other species (Baumann, Conway and Watson, 1963; 
Zupancic et al., 1967). The resonances associated with the protons of the oil component may be 
selected from the NMR spectrum so that the instrument's 'signal' is a function of seed oil content. 
Digital readout of the NMR signal permits rapid screening of small seed samples (even single seeds) 
with a relative error in the oil determination of less than 1%. In seeds like soybean, with a very high 
negative correlation between oil and protein content, NMR also offers an indirect means of selecting 
for protein content. 

Gas liquid chromatography is used for both quantitative and qualitative determination of 
fatty acids. The method is so sensitive that the fatty acids of as little as half a rape seed may be 
determined (Downey and Harvey, 1963; Appelqvist, 1967, 1969, 1971). This method has been 
developed into a rapid and safe serial test by Thies (1971). For even more rapid screening, a 
paper-chromatographic test was developed by Thies, which is based upon the separation of free 
fatty acids obtained by alkaline hydrolysis on a paper impregnated with paraffin oil (Robbelen, 1972). 
Another semi-quantitative procedure was designed to determine the ratio of linoleic acid to linolenic 
acid (Rakow and Thies, 1972). For further information on oil and fat analysis and on breeding for 
modified fatty acid composition see Bockenoogen (1968), Cocks and van Rede (1966) and Downey 
and McGregor (1975). Mutation induction for altering fatty acid composition has so far only 
been carried out on a limited scale (Rakow, 1972; Rakow and McGregor, 1973). The mutants 
obtained had increased or decreased values of linolenic acid without any change in linoleic acid 
(Robbelen, 1973). 

9.9.4. Toxic substances 

Many plant species produce toxic, noxious or bad-tasting substances and store them in their 
tissues in such high concentrations that animals are repelled from eating leaves, seeds or other 
organs. However, careful investigations reveal that some variability always exists within and 
between species with regard to the content and that also genotypes can be found that are practically 
free from those noxious substances. A rather reasonable theory assumes that the wild-type plants 
originally contained only negligible amounts of bitter or toxic substances but that spontaneous 
mutations induced a metabolic block which led to enrichment and storage of such compounds. 
Plants with such new properties achieved a rather striking advantage under the selection pressure 
of natural habitats and consequently soon displaced the original genotypes from the population. 
Breeding has been used in an attempt to revert to low toxin 'wild' types but it has so far been 
successful only in a few cases. From theoretical considerations, the chances for successful mutation 
breeding of non-toxic and good-tasting plants seem to be rather favourable. It can be assumed 
that, for the removal of a disturbing substance from a crop plant, not only true gene alterations but 
in addition all kinds of chromosomal aberrations that inactivate or eliminate genes may be effective 
in the desired direction. In several cases a more serious problem than the induction of mutations is 
the lack of efficient methods for the chemical screening of large plant populations for the desired 
character. Furthermore, the breeder may be faced with the problem that those plants that show the 
desired chemical change quite often suffer from other metabolic alterations that lower the viability 
of the selected desired mutants. 

The cruciferous and the leguminous families often contain noxious substances in the form of 
glucosinolates, alkaloids and glucosides. Therefore, a few examples from these families may be 
given to illustrate the problem. 

Lupinus species produce several different alkaloids and the utilization of these protein-rich 
plants was nearly impossible until von Sengbusch (1942) performed successful screening experi-
ments for spontaneous mutants free of alkaloids. In his first experiment he had to analyse 
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1.5 million plants in order to find a few alkaloid-free plants of Lupinus luteus and Lupinus 
angustifolius. Several loci were involved but the inheritance was always monomer recessive, as is 
usual for induced mutations. Within five years new varieties of sweet Lupinus were released 
(Gustafsson and Gadd, 1965a). 

Melilotus albus, the white sweet clover, contains a glucoside of the'o-oxycinnamic acid which 
converts into coumarins and the toxic dicoumarol. Large-scale screening experiments for non-
bitter plants failed, but Scheibe and Hulsmann (1958) and Micke (1962) were successful in 
selecting non-bitter mutants after treatment with mutagenic chemicals or ionizing radiation. 
A prerequisite for this successful mutation experiment was the development of a rather simple 
method for mass screening, which made the investigation of 1000 plants per day feasible on the 
basis of a half leaflet per plant (Micke, 1957). While all non-bitter mutants exhibited a lower 
vitality, it was possible to increase their vitality even above the original strain by heterosis breeding 
(Micke, 1969a, 1976). 

Brassica napus, B. campestris, B. juncea and Eruca sativa are widely cultivated oil 
crops, but their seed meal and green matter are also valuable protein sources which have so far 
only been partially exploited. One of the main reasons for this is their content of glucosinolates, 
which yield degradation products with toxic effects on animals and, through the milk, also on 
children. 

The first attempts to lower the glucosinolate content by conventional breeding have produced 
promising results (Josefsson and Appelqvist, 1968; Kondra and Downey, 1969; Robbelen, 1973) 
but mutation breeding may be more promising. To carry out selection work, methods for the 
analysis of the toxic substances have been developed by Appelqvist and Josefsson (1967) and 
Youngs and Wetter (1967). These are based on a spectrophotometric or gas chromatographic 
determination of the degradation products and are sensitive, accurate and rapid to carry out. New 
methods for determining different glucosinolates have been developed by Lein (1970, 1972a, b). 

Tracer techniques have been used to study the biochemical background to differences in 
glucosinolate content (Josefsson, 1971, 1973). 

Lathyrus sativus is used in some parts of India for human consumption but contains a neuro-
toxic principle that seriously injures children, causing the disease known as lathyrism. The toxic 
factors have been studied by Nagarajan, Mohan and Gopalan (1965) and Nagarajan and Gopalan 
(1968) and success in isolating mutants practically devoid of the neurotoxic principle 
(3-N-oxalyamino-alanine has been reported by Swaminathan (1969). 

The use of cassava as an important item in human and livestock nutrition in the tropics is 
hampered by the chronic cassava toxicity caused by cyanogenic glucosides. Screening techniques 
to check large numbers of samples are available (Moh and Alan, 1972), but acyanogenic individuals 
were not found among 88 000 plants of the Cassava Germ Plasm Collection at 11TA (Sadik, Okereke 
and Hahn, 1974). It appears that vegetative propagation practised through centuries has limited the 
genetic variability of cassava. Mutation induction would certainly be a worthwhile approach. 
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10. UTILIZATION OF MUTAGEN EFFECTS 
FOR SOLVING PARTICULAR PLANT-BREEDING PROBLEMS 

10.1. CHROMOSOMAL RECONSTRUCTION 

Many mutagenic agents efficiently break chromosomes, which results in chromosome 
structural rearrangements. Some of these are transmitted through cell division and through 
meiosis and are carried over to following generations. The types of rearrangements transmitted 
are inversions, reciprocal segmental interchanges or translocations, duplications and deletions 
or deficiencies (see section 6.2). In polyploid organisms a greater amount of chromosomal 
imbalance is tolerated than in diploids, where often most kinds of deficiencies are lethal even 
at the gamete level. 

10.1.1. Reciprocal translocations 

As an example of the use of induced structural rearrangements, the work on reciprocal 
translocations in barley may be mentioned. Heterozygosity for a translocation is normally 
revealed by partial sterility which is very often found in M2 plants. The M3 progenies of such 
partially sterile individuals normally segregate in 50% fertile and 50% partially sterile if a 
translocation is involved. In the group of fertile individuals half are homozygous normal and 
the other half are homozygous for a translocation. To isolate homozygous translocations a 
number of fertile individuals are crossed to the original genotype. If this cross gives partially 
sterile individuals, it can be inferred that the M3 mother plant was homozygous for a translocation. 
If the cross gives fertile individuals, it is concluded that the M3 mother was homozygous for the 
original genotype. Thus, it is possible to isolate homozygous translocations. By crossing a 
number of such different diallele translocations and studying the meiotic configuration, a tester 
set of translocations can be established covering all chromosomes of the species. This tester set 
is later used to determine which chromosomes are involved in any newly induced translocation. 
If in the F, of such crosses 2 ] v are observed, the new translocation has ho chromosomes in 
common with the tester translocation; if 1V | is observed, one chromosome is in common; and 
if l[y or 7][ are observed, the two translocations have both chromosomes in common (Hagberg 
and Akerberg, 1962). 

Translocations have been efficiently used in linkage studies as good cytogenetic markers, 
which will be dealt with later in this section. In some organisms it is possible to locate exactly 
the break points by studies on the pachytene chromosomes of individuals heterozygous for the 
translocation (or other types of rearrangement). Thus, Andersson and Longley and Burnham 
have mapped the maize chromosomes and localized a great number of translocation breaks 
(Burnham, 1962). In other crops such as barley it is difficult to obtain good pachytene 
preparations. Most studies on the chromosomes of barley translocations are done in root-tip 
mitosis preparations (Tijo and Hagberg, 1951). 

Many translocations cause drastic changes in the karyotype and thus provide material for 
a variety of investigations. For instance, in barley it has been possible to move the nucleolar 
organizers in chromosomes 6 and 7. Shifting of each of these to the other chromosome separately 
has resulted in a tandem arrangement of the nucleolar organizing regions. This is interesting in 
connection with studies of the function of the nucleolar organizers. 

There is also a good possibility of duplicating the nucleolar organizers by combining 
chromosomes 6 and 7 with the tandem arrangements (Hagberg and Hagberg, 1968). It has been 
demonstrated (Hagberg, 1962, 1965) that a cross between two translocations involving the same 
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two chromosomes can segregate homozygous duplications in the F2 generation if the break points 
are located in certain relations to each other. This means that a large collection of translocations 
could be a very useful tool in directed production of duplications and deletions and other types 
of more complex rearrangement. 

10.1.2. Gene transfer 

Useful genetic variation such as disease or pest resistance, drought tolerance and winter 
hardiness is often found in the wild relatives of a crop plant. Breeding programmes thus involve 
transfer of genes controlling the desired character from wild or alien species to a cultivated form. 
The first requirement for such transfer of genes is to obtain viable hybrids either by pollination 
or by protoplast fusion (Carlson, Smith and Dearing, 1972). This hybrid can then be back-crossed 
to the cultivated form. This method works satisfactorily if there is at least some pairing between 
the chromosomes of the two species to permit genetic recombination. However, in a plant like 
wheat, because of the lack of homoeologous chromosome pairing, such transfer of genes is 
normally not possible following the back-crossing procedure. Therefore, two different'approaches 
have been used to transfer segments from alien to wheat chromosomes, the irradiation and 
recombination techniques. 

10.1.2.1. Irradia tio n 

This technique was first developed and used by Sears (1 956b) to transfer leaf-rust resistance 
from Aegilops umbellulata to bread wheat. Ae. umbellulata (2n = 14) was first crossed with 
Triticum dicoccoides (2n = 28) and an amphidiploid (2n = 42) was obtained, which could be 
crossed to common wheat (2n = 42). This hybrid was back-crossed twice to wheat and during 
this process only leaf-rust resistant plants were chosen. The result was a resistant plant that, 
besides all 42 wheat chromosomes, had an extra chromosome from Aegilops carrying the 
resistance (R) gene.. The extra chromosome had a deleterious effect on vigour as well as fertility. 
In the progeny of this plant an individual with an isochromosome with a duplication of the 
chromosome arm carrying the R gene was found. This plant was X-ray irradiated before meiosis 
and the pollen formed was used to pollinate untreated plants. In one case of 40 resistant progeny 
plants the segment transferred carrying the R gene was small enough not to have deleterious 
effects. 

Similar irradiation techniques have been used to transfer stem rust resistance from Agropyron 
elongatum (Elliott, 1957; Knott, 1968) and Ag. intermedium (Wienhues, 1966), leaf rust resistance 
from Ag. elongatum (Sharma and Knott, 1966) and Secale cereale (Driscoll and Jensen, 1964). 

10.1.2.2. Recombination 

Resistance to Cercosporella from Aegilops ventricosa (MM DD) could be transferred to 
wheat by a back-crossing programme as the gene for resistance was probably located on a 
chromosome of the D genome, which was common in the two species (Kimber, 1967). However, 
alien chromosomes are not homologous but homoeologous to wheat chromosomes. In wheat 
pairing of the homoeologous chromosomes is prevented by the Ph locus on chromosome 5B. 
There are three different ways to overcome the effect of this locus. They are discussed in 
section 10.3. The recombination technique, after manipulating the SB system, was used to 
transfer yellow rust resistance from Aegilops comosa to wheat (Riley, 1968). 

Transfer of genes from alien species is not simple and involves considerable effort. Though 
several of these alien sources of resistance are now available, their use in commercial wheat 
cultivars has been limited. Most stocks are associated with some undesirable effect. Translocations 
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having deleterious effects in one genetic background may not show the same effect when trans-
ferred to another genotype. Agropyron elongatum translocation originally developed by Knott 
has been transferred to two commercially grown wheat cultivars, Eagle and Kite, in Australia 
(Driscoll, personal communication). 

10.1.3. Linkage and recombination 

Recombination is a key process in creation of genetic variation. The recombination of 
linked genes is brought about by crossing over. In many organisms chiasma formation is localized, 
resulting in decreased or lack of recombination in large segments of the chromosomes. The genes 
are inherited in blocks, which cannot be separated by hybridization. In most cereals, at least, 
crossing over is restricted to the regions of chromosomes distant from the centromere. The 
frequency of crossovers in the central part of the chromosomes is very low. For example, in 
barley the locus ert-d is located close to the end of the long arm of chromosome 1, about 1 /5 of 
the arm length from the end. Between this point and the centromere (4/5 of the cytological arm 
length) there is about 10% crossover and in the 1/5 distal part almost free recombination values 
are obtained. Thus the available potential for recombination is not fully realized in hybridization 
programmes. It is often desirable to increase recombination, particularly to break gene blocks 
in which there is negligible crossing over.' Further release of genetic variability and independent 
assortment of linked loci can be expected if the recombination in the F, can be enhanced. 
Radiation treatment during early prophase is known to enhance chiasma formation in Lilium 
(Singh, Brock and Oram, 1974) and Tradescantia (Lawrence, 1961b) and in tomato, lngeneral, 
in eukaryotic cells radiation treatments are known to enhance crossing over in the proximal 
region adjacent to the centromere. Thus irradiation of F, plants, especially during premeiotic 
stages, is expected to further enhance the variability in the F2 population. This aspect, however, 
has not been investigated in crop plants. Increased variability in F2M2 for quantitative characters 
was reported in rice (Jalil Miah and Yamaguchi, 1965). Similarly, radiation as well as several 
chemicals are reported to increase somatic recombination (Vig, 1973), which can also contribute 
to increased variability in the F2. 

Chromosomal translocations are known to reduce crossing over particularly in regions near 
their breakpoints. Thus distally located translocations in cereals would reduce crossing over in 
that region. Translocations are used to 'tighten' linkage in certain breeding projects, for instance 
in some programmes aimed at the production of hybrid barley. 

10.2. ALTERATION OF THE REPRODUCTIVE SYSTEM 

10.2.1. Male sterility 

Male sterility is an important economic trait, since the identification and use of spontaneously 
arising male sterile lines has led to the commerical exploitation of hybrid vigour in crops like 
sorghum, pearl millet (Pennisetum typhoides), tomato and onion. Spontaneous male sterile 
mutants have been reported in several other crop plants including flax, barley, sugarbeet, 
watermelon, lima beam, eggplant and carrot and hence the possibility of utilizing this character 
in the production of hybrid seed for commercial planting. Using male sterile lines, it is theoretically 
possible to obtain extremely uniform hybrids that are superior in productivity, quality, nutritional 
value and general appearance. 

Male sterility is characterized by non-functional male gametes. The known cases of male 
sterility have been divided into three types according to their genetic control: (i) genetic, 
(ii) cytoplasmic, and (iii) cytoplasmic-genetic (Allard, 1960). Pollen fertility of the hybrids is 
important in crops in which the economically important part is the fruit or the seed. Male 
sterility associated with a recessive gene and independent of cytoplasmic interaction is normally 
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masked by its dominant allele in the F^ Thus, the F, is pollen fertile and presents no problems 
to the farmer. On the other hand, male sterility associated with a cytoplasmic factor gives rise 
to male sterile hybrids unless a fertility restorer gene is introduced by the pollen parent of the 
hybrid. The restorer genes are of no importance in crops like onion, carrot and sugarbeet hybrids, 
in which the vegetative portion is of economic importance. The economically most usable forms 
of genetic male sterility will be those where the sterility is caused by an interaction among 
cytoplasmic and nuclear factors, and where fertility restorers can be identified. Genetic male 
sterility is moderately frequent in natural populations and is generally found to be governed by 
single recessive genes. However, male sterile individuals seem to be appreciably more frequent 
in mutagen-treated populations. 

To date hybrid production has mainly involved cytoplasmic male sterility and nuclear 
restoring genes. Nuclear male sterility genes have more recently been examined for their usefulness 
in production of hybrids. Ramage (1965) has used such a mutant to produce hybrid barley. 
A system utilizing nuclear male sterility has also been proposed for production of hybrid wheat 
(Driscoll, 1972). 

Male sterility mutants are induced readily with radiation treatments. In the M, recessive 
mutants will not be expressed unless the dominance effect of the normal allele is removed. One 
way to achieve this result is to apply irradiated pollen to monosomies, as is currently being 
investigated in hexaploid wheat (Driscoll, 1973). In these progenies 75% of the plants will lack 
one chromosome of the female parent, which will allow recessive mutants on that chromosome 
to express themselves as they will be in the hemizygous condition. First generation male sterility 
may also emanate from the induction of chromosome aberrations such as interchanges and 
inversions (as in radiation treatments) or to functional alterations. 

Thus, the induction of male sterility by mutagens should be considered as an important 
alternative approach. Male sterility has been induced and studied in a number of economically 
important crop plants, e.g. in tobacco by X-rays (Turnovski and Missura, 1936), in tomato by 
X-rays (Young, 1940; Helm, 1951) and 32P (Lesley and Lesley, 1950), in watermelons by X-rays 
in close association with the glabrous character of the entire plant (Watts, 1962), in peas by 
X-rays (Gottschalk and Jahn, 1964), in jute by X-rays in close linkage with a leaf-shape marker 
(Rakshit, 1967), in barley partial male sterility after X-ray treatment (Favret and Ryan, 1966) 
and almost complete male sterility after EMS treatment (Favret and Ryan, 1966; Sharma and 
Reinbergs, 1973), and in soybean by gamma rays (Singh and Gupta, 1973). 

Describing a model selection experiment for EMS-induced genetic male sterility in the self-
pollinating test system Arabidopsis thaliana, Van der Veen and Wirtz (1968) laid down certain 
criteria for isolating male sterile mutants in mutagen-treated populations. These criteria indicate 
that there should be (i) complete expression of male sterility, (ii) perfect female fertility, (iii) no 
trace of male sterility in the Msms sister plants, and (iv) no phenotypic deviation from the parent 
of origin, other than those directly caused by male sterility. Though induced male sterility has 
been reported in several crops, no sterility system of use in the commercial exploitation of hybrid 
vigour has yet been developed from such mutants. This is probably due to the lack of extensive 
screening because of the availability of naturally occurring male sterility. 

Following the discovery that corn with Texas male sterile cytoplasm is more susceptible 
to southern leaf blight (Helminthosporium maydis) and yellow leaf blight (Phyllosticta sp.) 
than normal cytoplasm, an active research for the induction and isolation of new sources of 
cytoplasmic male sterility has become imperative. Stoilov (1968, 1969) reported isolating 
cytoplasmic male sterile and nuclear male sterile plants in M2 and later generations after gamma-
ray and fast-neutron treatments. After treating seeds of some inbred lines of maize with EMS 
Briggs (1971) could not isolate any cytoplasmic male sterile mutant. The failure to detect 
cytoplasmic male sterile lines in the EMS-treated population was explained as due to the relatively 
small populations used, and also the occurrence of cytoplasmic male sterility at a very low 
frequency in the parental stock (see also section 6.3). 
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10.2.2. Incompatibility 

The inability of a plant with functional gametes to produce selfed seeds is known as self-
incompatibility, while failure of seed setting in crosses with related varieties is referred to as 
cross-incompatibility. Self-incompatibility has been recorded in about 250 out of 600 genera 
so far studied in higher plants. The different classes of self-incompatibility, such as homomorphic, 
heteromorphic, sporophytic and gametophytic, have been described in detail by Lewis (1942). 
Brewbaker (1957) showed that plants with a trinucleate condition of pollen at anthesis tend to 
have the sporophytic system, while those with binucleate pollen usually have the gametophytic 
system. 

In the gametophytic system, either a series of multiple alleles at a locus referred to as S 
may be involved or there could be a 2-gene system as demonstrated by Lundqvist (1960) in rye. 
Both spontaneous and induced mutations at the S locus have been described by Lewis (1948, 
1949, 1951) in Oenothera organensis, Lewis and Crowe (1954) in Prunus avium, and Pandey 
(1956, 1965) in species of Trifolium and Nicotiana. Where a competitive interaction among S 
alleles could lead to fertility, as in several autotetraploids of self-incompatible plants, even the 
production of an isochromosome carrying the S locus could lead to the same result, as demonstrated 
by Brewbaker and Natarajan (1960) in Petunia violacea. 

Mutants at the S locus could either be stable or unstable and revertible. Stable self-fertile 
mutants have been isolated in Prunus avium by Lewis and Crowe (1954) and would have been of 
commerical value but for the coincident occurrence of an increased number of fruits and a 
consequent reduction in fruit size. Brewbaker and Emery (1962) have extensively reviewed the 
work on mutation studies involving pollen. Revertible self-fertile types could be used for the 
production of S homozygotes, which may be useful in the production of hybrid seeds (Lewis 
and Crowe, 1953). For a comprehensive review of the subject the reader is referred to de 
Nettancourt (1969). 

Ultra-violet radiation or X-rays can be used to inactivate the stylar component of the self-
incompatibility reaction without simultaneously affecting the capacity of the style to support 
pollen tube growth. Studies in the two self-incompatible species, Oenothera organensis (Kumar 
and Hecht, 1965) and Lilium longiflorum (Hopper and Peloquin, 1968), are a case in point. 
These authors observed that the incompatible pollen tube growth rate in styles exposed to 
radiation prior to pollination was as high as that of compatible tubes growing in untreated styles. 

10.2.3. Cross-breeding barriers 

Some of the major barriers to crossing among species or subspecies and even varieties are 
as follows: 

(a) Asynchronous flowering 
(b) Pre-fertilization barriers, owing to failure of pollen germination on the stigma or 

inadequate growth of pollen tube 
(c) Post-fertilization barriers, owing to zygotic lethals or malfunction of the endosperm 

and maternal tissue (referred to as somatoplastic sterility by Brink and Cooper, 1947). 
In some cases radiations have been found to be useful in overcoming the above barriers. 

Sax (1955) has shown that early flowering is one of the recurrent stimulatory properties of 
irradiation. This property could theoretically be used where two plants, one early and one late, 
have to be crossed; however, there are usually enough other well-established methods to reach 
the same goal. 

Nishiyama and Izuka (1952), Tanaka (1957), and Swaminathan and Murthy (1959) have 
shown that irradiation of pollen can lead to pollen tube growth stimulation in interspecific 
crosses of Avena and Nicotiana. Tanaka (1957) observed greater auxin synthesis in styles when 
irradiated pollen had been used in the cross. 
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There are several records of improved seed setting following the use of irradiated pollen in 
inter-specific and intergeneric crosses. Reusch (1960) observed this in crosses between Lolium 
perenne and Festuca pratensis, and Davies and Wall (1960) in Brassica oleracea X B. nigra. The 
mechanism by which somatoplastic sterility is overcome through the use of irradiated pollen is 
not yet clear, but the use of such pollen in some way enhances auxin production and thus perhaps 
simulates the effect of the exogenous application of auxins. 

It may become possible to circumvent these barriers in many cases by the use of the 
protoplast fusion method (Carlson, Smith and Dearing, 1972). 

10.2.4. Haploidy and aneuploidy 

The parthenogenetic development of the egg cell is often promoted when plants are subjected 
to irradiation at the post-meiotic stages or when irradiated pollen is used (Kimber and Riley, 1963). 
The development of haploid-diploid twins is also promoted if the irradiation is done prior to 
fertilization. Post-fertilization irradiation invariably leads only to cleavage embryony, i.e. identical 
twins. It seems likely that when binucleate pollen is irradiated, the generative nucleus, which is 
yet to undergo a mitosis, may be made non-functional. If the vegetative nucleus functions, the 
pollen may germinate and the tubes may grow in the style. This will provide the stimulus of 
pollination without fertilization being followed. Kihara and Yamashita (1938) found that the 
use of irradiated pollen greatly promotes the incidence of haploids in Triticum monococcum. 
This has been subsequently confirmed in many plants. In plants like rice, where haploids can be 
vegetatively propagated more easily, it may be more efficient to induce mutations at the haploid 
level and then to double the chromosome number for getting homozygous mutants (Gustafsson 
and Gadd, 1966). Haploids are now produced by anther culture in a large number of species, 
such as tobacco (Bourgin and Nitsch, 1967), rice (Niizeki and Oono, 1968), and more recently 
wheat (Ouyang et al., 1973). Mutations for both qualitative and quantitative characters are quite 
easily detectable in such auto-diploids produced through chromosome doubling of haploids 
(Mertens and Burdick, 1957). 

An approach to the induction of a high frequency of mutations is also applicable in plants 
where embryoids can be developed from pollen through in vitro culture. The first demonstration 
that haploid plants can be raised from anther culture was made in Datura stramonium (Guha and 
Maheshwari, 1964, 1967). The technique has now been successfully employed in rice and 
tobacco for producing androgenic haploids (Nakata and Tanaka, 1968; Nitsch and Nitsch, 1969). 
Nitsch (1969) observed that addition of EMS to the medium on which Nicotiana tabacum 
stamens were cultured resulted in flowers of a deeper pink. By subjecting the haploid plantlets 
to gamma rays at doses varying from 15—30 kR, various mutants were obtained which differed 
in the colour of the flowers, the shape of petals, the shape of leaves etc. With the exception of 
those haploid plants subjected to mutagenic treatments, none of the plantlets produced from 
pollen grains set seed (Nitsch, 1969). A method for the induction and isolation of auxotrophic 
mutants from somatic cell cultures (as obtained from haploid plants raised from anthers) of 
Nicotiana tabacum has been recently described (Carlson, 1970). Further research involving the 
addition of mutagens in the culture media and getting homozygous diploids from the haploid 
mutants obtained would be a useful line of research, particularly in plants like rice, where 
vegetative multiplication of seedlings is possible. 

The progenies of irradiated plants frequently contain numerical changes in chromosomes. 
Monosomies (2n - 1) and nullisomics (2n - In) were found in polyploids like Triticum aestivum, 
while trisomies and other extra chromosome categories occur occasionally in diploids like barley, 
maize, and tomato. Pollen transmission of whole chromosome deficiencies and duplications is 
relatively rare, while ovule transmission is frequent. 
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10.3. THE USE OF MUTAGENS FOR FACILITATING RECOMBINATION 

10.3.1. The use of translocations 

A series of translocation stocks with relatively distally located break-points are used in 
barley as a cytogenetic tester set marking each chromosome arm in the genetic mapping of the 
barley chromosomes (Persson, 1969a, b; Tsuchiya, 1972, 1976; Nilan, 1974). This technique 
is a good complement to the use of trisomies as these are very often at least in diploid organisms, 
weak and difficult to handle. To establish gene sequencies in linkage groups it is very efficient 
to use translocations either directly, as demonstrated by Persson (1969b), or in tertiary trisomies 
as suggested by Ramage. Ramage (1964) also used tertiary trisomies derived from induced trans-
locations in his system for production of hybrid barley. Further, more suitable translocations 
can be used to produce duplications, which are useful in genetic studies, in the same manner as 
are primary trisomies. However, they are more vigorous than the trisomies and can give more 
detailed information concerning sequence, once a linkage is established. 

Evidently translocations can serve as a useful tool in many different projects for collecting 
information and constructing breeding stocks. It is, however, necessary to have available a vast 
collection of break-points well distributed over the karyotype. It involves considerable work 
to induce, isolate and to establish, such a useful collection. 

10.3.2. Mutations affecting the control of meiotic chromosome pairing 

Meiotic chromosome pairing in bread wheat is controlled by genetic systems promoting 
and reducing pairing. The pairing of the homoeologous chromosomes of the A, B and D genomes 
is prevented by the activity of Ph gene located distally on the long arm of chromosome 5B (see 
Riley, 1974). In transfer of genetic material from alien species to bread wheat the Ph locus is 
important. In hybrids between Triticum aestivum and related diploid species the following may 
happen: (1) there is no homoeologous pairing as long as the chromosome 5B is present; 
homoeologous pairing occurs when 5B is absent; (2) there is homoeologous pairing even in the 
presence of 5B. This is due to the introduction of a gene dominant or epistatic to Ph from 
certain diploid species. To transfer genes from alien species of wheat by recombination, pairing 
of the alien and wheat chromosomes is essential. This can either be brought about by using a 
stock deficient iri the long arm of chromosome 5B or by introducing a third species like 
Aegilops speltoides or Ae. mutica that suppresses the activity of Ph. A still better approach is 
to use a stock with a mutation at the Ph locus. This type of mutants has in fact been induced 
by using EMS (Riley, Chapman and Belfield, 1966; Wall, Riley and Chapman, 1971) and X-rays 
(Sears, 1975). These mutants can be utilized for promoting pairing and hence recombination 
between homoeologous chromosomes of wheat and related species. 
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11. EXPERIENCE WITH INDUCED MUTATIONS IN CROSS-BREEDING 

For the plant breeder there are in principle two possibilities for using induced mutations: 
(a) the propagation of a desired mutant without further genetic manipulation; and (b) the use of 
such a mutant in crosses. In theory a mutant may be altered only in one trait, in practice this 
seems to be rather exceptional. Furthermore, it is very unlikely that a mutant carrying several 
mutations shows only positive changes. Therefore, it seems logical to conclude that the more 
promising use of mutations is via cross-breeding. Frequently, the breeder has to choose between 
similar genotypes as potential cross parents and his choice will depend on a number of consider-
ations, which are outlined below. 

11.1. CHOICE OF A MUTANT AS THE BETTER PARENT 

By induction of mutations one generally tends to improve a line or variety in a particular 
character, leaving the rest of the genotype unchanged as much as possible. Once a favourable 
mutant has been found in an otherwise valuable genotype, the mutant may take the place of the 
original genotype as cross-breeding parent. As an example, one might consider a mutant with 
preferred grain colour induced in an otherwise outstanding wheat cultivar. The mutant should be 
the parent preferred in any subsequent crosses where the original cultivar would have been used 
(Swaminathan et al., 1968). Another example might be taken from durum wheat breeding, where 
the need to maintain high technological quality while increasing yield and lodging resistance 
required crosses with some older, but high quality varieties. By mutation induction it was possible 
to improve first the lodging resistance of the high quality varieties. When used in crosses such 
mutants of course offer a better chance for combining lodging resistance and high yielding capacity 
with excellent grain quality (Scarascia-Mugnozza, 1966b; Bozzini et al., 1973). 

11.2. MUTANTS AS AN ALTERNATIVE CHOICE IN CROSSES 

Induced mutants are sometimes considered only as the last resort for the breeder when he fails 
to find a desired trait in existing germ plasm collections. Such a view neglects the fact that 
economic aspects are important in breeding procedures and that the breeder generally chooses 
among similar genotypes those that promise the easiest, fastest and cheapest solution of a problem. 
So it happens that induced mutants 'compete' with other potential cross-breeding parents and the 
breeder will have to make his choice, as his working capacity is always limited. Which criteria 
should be used by the breeder for choosing among induced mutants and between mutants and other 
germ plasm? 

First of all, he should take the genotype that is closest to his breeding objective, not only in 
terms of the trait(s) particularly desired, but in other characteristics as well. In the case of disease-
resistant traits or particular quality characteristics (like grain protein) the preferable choice might 
be an induced mutant from a good cultivar instead of a primitive exotic stock that might be 
available in a germ plasm collection. When the breeder aims at substantial improvement in several 
traits, he might prefer distant hybridization, back-crossing and recurrent selection. Of course, only 
seldom can one consider two potential parents to be fully comparable and the breeder would widen 
his prospect of success by including several similar parents, mutants as well as natural variants in 
his crossing programme, as far as his facilities permit (cf. Munck et al., 1970; Rhodes and 
Jenkins, 1975). 
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11.3. MUTANTS AS A SAFETY FACTOR IN CROSS-BREEDING PROGRAMMES 

Since plant breeders tend to use the most advanced cultivars and stocks of proven genetic 
value as parents in their cross-breeding programmes, there is a certain trend towards genetic 
uniformity by using the same parents too often and at too many institutions. This is true of both 
cross-pollinating species and self-pollinators. A kind of geographical genetic uniformity can be 
the result of breeding cultivars with wide geographic adaptability, an objective that is followed in 
most national and commercial breeding programmes, but that is particularly stressed in international 
breeding programmes geared to serve several countries and whole regions. One may point to the 
fact that at present nearly all the modern semi-dwarf rice cultivars in Asia derive their short 
stature from Tachung Native 1, a Chinese cultivar. Similarly, the majority of the semi-dwarf 
wheats have their stature from one source, the Japanese variety Norin 10. There are other sources 
available for short culm in wheat and rice, including many induced mutants, but little use has been 
made of them (Konzak, 1976; Hu, 1973; H u , W u a n d L i , 1970). 

Genetic uniformity among widely grown crop cultivars presents a risk in terms of epidemics 
(Tatum, 1971, Anonymous, 1972). Diversifying the genetic background of crop cultivars by using 
different genetic resources including induced mutants must be considered to be an important 
safety factor. 

11.4. MUTANTS AS AN EXCLUSIVE SOURCE OF DESIRED TRAITS FOR CROSS-BREEDING 

It cannot be assumed that by experimental induction of mutations one could produce any 
genotype that could never arise in nature. The matter is more that certain genotypes occur rarely 
in nature and certain traits cause a selection disadvantage and therefore may be absent from germ 
plasm collections made in natural habitats. It would be easy to imagine that certain traits, e.g. 
important to human taste or modern farming techniques, have not been selected for in nature and 
are therefore rare. But even such common characters like earliness may be absent, if earliness 
means fitting into a crop rotation by ripening within a particular time period (Ismachin and 
Mikaelsen, 1976). 

11.5. MUTANTS AS CROSS PARENTS IN HETEROSIS BREEDING 

Surprisingly high heterosis effects have been reported from crossing mutants of self-pollinating 
crops with each other and with their original stocks (Micke, 1974a, Gottschalk, 1970; Gottschalk 
and Milutinovic, 1973; Shumny, Sidorova and Belova, 1970). Increased heterosis by crossing 
mutants of inbred lines has also been reported for cross-pollinating plants (Gardner, 1968; Stoilov 
and Daskaloff, 1976). This area deserves certainly more attention. Economically important 
results can also be expected from using male sterile or female sterile mutants of established inbreds 
with high combining value for the cheaper production of hybrid seeds (Stoilov and Daskaloff, 1976) 

11.6. CROP CULTIVARS RESULTING FROM CROSS-BREEDING WITH INDUCED MUTANTS 

Information collected worldwide in 1975 showed that for agricultural crop plants 96 cultivars 
had been released from induced mutants directly propagated and 37 from cross-breeding with 
mutants. Of these 29 were from cereals and 5 from grain legumes. The greatest number among 
the cereals were barley cultivars. Table XXV lists the cultivars of barley known by 1975 to have 
derived either by direct propagation of an induced mutant or as products from cross-breeding with 
mutants. 

202 



TABLE XXV. CULTIVARS OF BARLEY, DEVELOPED BY USING INDUCED MUTATIONS 

Mutants used directly Mutants used in cross-breeding 

Jutta GDR 1955 Allasch FRG 1963 

Vienna Austria 1959 Amei FRG 1966 

Pallas Sweden 1960 Hellas Sweden 1967 

Balder J. Finland 1960 Nirasaki Nijo 8 Japan 1967 

Mari Sweden 1962 Kristina Sweden 1969 

Haya-Shinriki Japan 1962 Mona Sweden 1970 

Pennrad USA 1963 Visir Sweden 1970 

Diamant CSSR 1965 Gunilla Sweden 1970 

Gamma No. 4 Japan 1965 Midas UK 1970 

Milns Golden Promise UK 1966 Ametyst CSSR 1972 

Luther USA 1967 Eva Sweden 1972 

Betina France 1968 Rupal Sweden 1972 

Denar CSSR 1969 Favorit CSSR 1973 

Bonneville 70 USA 1969 Hana CSSR 1973 

Amagi Nijo 1 Japan 1971 Trumpf GDR 1973 

RDB 1 India 1972 Blazer USA 1974 

Radiation Korea 1974 Salve Sweden 1974 

Minsk USSR 1974 Senat Sweden 1974 

Aapo Finland 1975 Boyer USA 1975 

Eero Finland 1975 

Nadja GDR 1975 

Although one might expect that all mutants with proven commercial value by being officially 
released as cultivars were used subsequently in cross-breeding, certain varieties were used more 
prominently. Mari, a variety derived from an induced mutation in the Swedish Bonus barley, 
contributed to five other varieties released in Scandinavia: Kristina, Mona, Eva, Salve and Eero. 
Pallas, likewise a mutant induced in Bonus contributed to 4 other varieties:Hellas, Visir, Rupal and 
Senat. A mutant induced in the Czechoslovakian cultivar Valticky and released in 1965 under the 
name Diamant has also been used extensively in cross-breeding, not only in Czechoslovakia but in 
other countries as well. Known daughter cultivars by 1975 were Ametyst, Favorit and Hana in 
Czechoslovakia, covering about 90% of the barley acreage in that year. Furthermore, the cultivars 
Trumpf and Nadja in the GDR resulted from crosses with Diamant and there were indications of 
the expected release of other cultivars from commercial plant breeders in Western Europe. Midas 
resulted from a cross with Milns Golden Promise and Boyer from a cross with Luther. 

These examples may demonstrate that when an induced mutant with good features had proven 
its superior agronomic value, it was also used as a cross-breeding parent with good success. Only 
few new cultivars were developed from cross-breeding with induced mutants that had not been 
themselves released as cultivars. This may be indicative of some of the difficulties the breeder faces 
when using mutants that carry both positive and negative changes, but it may be more indicative 
of the greater number of crosses made at various breeding stations with popular stocks that have 
a proven agronomic value in comparison with stocks that carry just valuable traits. 

A number of other aspects of the utilization of induced mutants in cross-breeding were 
reviewed at a meeting on Induced Mutations in Cross-Breeding held in Vienna, 13—17 October 1975, 
the proceedings of which were published by the IAEA in 1976. 
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12. SOMATIC CELL GENETICS AND INDUCED MUTATIONS 

12.1. GENERAL CONSIDERATIONS 

Advances made in the culturing of somatic plant cells make it possible to apply the powerful 
techniques of microbial genetics to higher forms. These techniques include the production of 
protoplasts (wall-less cells) and their use in fusion and the enhanced uptake of exogenously 
supplied molecules and particles. Other developments include the formation and culture of haploid 
cells, induction and selective plating of mutant cells, and the regeneration and diploidization of 
plants derived from haploid cultures. As the techniques are developed further and modified 
for use with specific plants of economic importance it is expected that they will be used 
increasingly in plant improvement programmes. Methods of culturing plant cells have been 
reviewed by Dougall (1972), Vasil and Vasil (1972), Kruse and Patterson (1973), Sunderland (1974) 
and Nitsch (1974). 

Somatic cell genetics is concerned primarily with the generation and selection of genetic 
variability, with changing the genetic composition of populations of plants, and with attempting 
to generate new forms (Smith, 1971). The improved techniques for handling plant cells and 
tissues in culture have been utilized in different ways to enhance this variability. The genetic use 
of protoplasts is envisaged largely in two ways: (1) as a means of combining, by addition, the 
genotypes of two evolutionary lines that have diverged to the extent that they cannot be hybridized 
sexually; and (2) as an aid to introducing foreign genetic material, from macromolecules to 
organelles, that would otherwise be excluded by the cell wall. In contrast, the genetic use of 
single haploid cells is not considered for purposes of combining existing variability, but rather in 
uncovering and selectively recovering induced variability. 

The heightened interest in applying the "forces that alter genotypes" to single somatic cells, 
instead of to the multicellular organism, implies that there are advantages in working at the cell 
level. First, with single cells large numbers of homogeneous individuals (cells isolated from a 
single plant) are available for handling in a small space. One can work with 107, 108 or many more 
individual cells in a test tube instead of 105 — 106 plants on a hectare of land. Secondly, mutant 
characteristics at the cellular level manifest almost immediate expression because, on the one 
hand, there is only a small store of metabolic products in a single cell (hence its immediate 
dependence on genetically controlled mechanisms within the cell for survival and growth) and, on 
the other, where haploid cells are available the expression of any single mutated allele is not masked 
by a dominant allele, as in diploids. The selection process can also be made more efficient and 
specific with cells in culture by using plating techniques based on biochemical requirements to 
select out desired mutants from a large mixed population of cells (Carlson, 1970; Maliga, Marton 
and Sz-Breznovits, 1973; Maliga, Sz-Breznovits and Marton, 1973; Binding, 1974), as is routinely 
done in microbial genetics. Adding to these advantages the capability of regenerating whole 
plants from single selected haploid cells, and their diploidization (as with colchicine) would 
provide a significant array of methods that can be utilized either for genetic analysis or the 
practical improvement of higher plants. 

With further perfection of techniques for handling somatic plant cells the time and cost of 
achieving genetic or breeding goals will be reduced. 

12.2. PROTOPLASTS, FUSION AND PARASEXUAL HYBRIDIZATION 

A significant development in plant cell genetics was the enzymatic isolation of protoplasts 
from somatic tissues and their regeneration into whole plants (Cocking, 1972). Successful isolation 
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FIG.41. Simplified schematic representation of procedures for parasexual hybridization. Leaf mesophyll 
cells (A) of the two parental species are treated with enzymes to digest away the cell wall leaving protoplasts (B). 
These are suspended in NaNO$ (Cj, centrifuged together, then plated on agar culture medium (D). Only fused 
hybrid cells grow, then differentiate (E) into leaves and stem, which are grafted (F) onto a parent plant. The 
hybrid scion matures into a plant (G), which produces fertile flowers (Hj and seed. The seeds germinate to produce 
seedlings that are identical in every way (J) to a sexually produced amphiploid. 

of masses of mesophyll cells (differentiated, non-meristematic plant cells) from tobacco leaves was 
achieved with the pectinase 'macerozyme' and the cell wall was removed with a high activity 
cellulase to produce abundant protoplasts (Usui and Takebe, 1969). Colonies were formed from 
plated protoplasts and these could differentiate shoots and roots, and were eventually regenerated 
into whole plants (Nagata and Takebe, 1971; Takebe, Labib and Melchers, 1971; Takebe and 
Nagata, 1973). Flowering haploid plants were later regenerated from leaf protoplasts of haploid 
tobacco plants (Ohyama and Nitsch, 1972; Bajaj 1972), Petunia (Binding, 1974) and Datura 
(Schieder, 1975). The isolation of viable protoplasts that undergo proliferation by cell division has 
now been reported in several plant genera in addition Xa'Nicotiana. These include the economic 
plants soybean (Kao, Keller and Miller, 1970), carrot (Grambow et al., 1972), brome grass 
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(Gamborg et al., 1973), sugar cane (Maretzki and Nickell, 1973; Liu and Chen, 1974) and rape 
(Thomas et al., 1976). Successful somatic hybridization among two chlorophyll-deficient genotypes 
of Nicotiana was reported by Melchers (1974). 

Fusion of protoplasts from different taxa to produce hybrid somatic protoplasts or cells was 
first reported by Power, Cummings and Cocking (1970). Fusion may occur spontaneously under 
certain conditions, but is considerably enhanced in a solution of 0.25M sodium nitrate (Power, 
Cummings and Cocking, 1970; Withers and Cocking, 1972). 

In 1972 the first success was reported for producing a mature interspecific plant by fusing leaf 
protoplasts (Fig.41), i.e. by parasexual hybridization (Carlson, Smith and Dealing, 1972). The 
species used were Nicotiana glauca (2n = 24), N. Langsdorffii (2n = 18) and the amphiploid 
(2n = 42) of the tumorous hybrid between these species. In the medium of Nagata and Takebe 
(1971) protoplasts of the two species fail to proliferate into calli, whereas a small per cent of 
the amphiploid protoplasts regenerate a callus mass of cells. This difference in growth requirements 
constitutes a selection method for recovering preferentially hybrid individuals from a mixed 
population of protoplasts, since the only ones capable of forming viable colonies will be those with 
a hybrid genetic constitution. The prerequisites for success in future programmes for recovering 
fusion products will rest on the ability to isolate viable protoplasts, to grow calli from interspecific 
protoplast fusions, to select preferentially the hybrid calli, and to regenerate differentiated plants 
from these calli. 

12.3. INTRODUCTION OF EXTERNALLY SUPPLIED MOLECULES AND PARTICLES 

The wall-less property of protoplasts favours their use for the introduction of foreign genetic 
materials into eukaryotic cells. The uptake of exogenous DNA by higher plant protoplasts is in 
an early stage of investigation (see review by Hess, 1972). With the use of radioactively labelled 
exogenous DNA, evidence for uptake has been reported in protoplasts of Petunia hybrida 
(Hoffmann and Hess, 1973), Ammi visnaga (Ohyama, Gamborg and Miller, 1972) and Lycopersicon 
esculentum (Gahan, Anker and Stroun, 1973). Plant protoplasts are known to be able to take 
up much larger particles, as shown by a very high efficiency of infectivity with tobacco mosaic 
virus (Cocking and Pognar, 1969; Takebe and Otsuki, 1969); engulfment of Rhizobium bacteria 
(Davey and Cocking, 1972), and possible entry of chloroplasts into recipient host protoplasts 
(Carlson, 1973a; Giles, 1973; Potrykus, 1973). Transplantation of nuclei into protoplasts was 
reported by Potrykus and Hoffmann (1973). 

Other experimental results strongly suggest that genes from microorganisms can be transferred 
to higher plant protoplasts or cells and there express their characteristic phenotype (Carlson, 1973a; 
Doy, Gresshof and Rolfe, 1973a, b, c). These experiments on transfer and performance of model 
prokaryote genes in eukaryote cell systems indicate the possibility that microbial genes of uniquely 
useful function may ultimately be transferred with equal success. The broadening of genetic 
variability in higher plants through incorporation of foreign DNA is now a legitimate experimental 
goal, which, however, will take some time to adapt for practical utilization. 

12.4. HAPLOIDS FROM ANTHER-POLLEN CULTURE 

Interest in the induction and utilization of haploids in higher plants was rekindled by the 
discovery that plantlets with the gametic chromosome number could be obtained from the culture 
of anthers in Datura innoxia (Guha and Maheshwari, 1964,1966,1967) and in Nicotiana tabacum 
(Bourgin and Nitsch, 1967; Nitsch and Nitsch, 1969; Nitsch, 1969; Nakata and Tanaka, 1968; 
Tanaka and Nakata, 1969; Sunderland and Wicks, 1969,1971). Compared with previous methods, 
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TABLE'XXVI. SPECIES IN WHICH HAPLOID PLANTS HAVE BEEN REPORTED TO BE PRODUCED BY CULTURE OF ANTHERS OR POLLEN 

Order Family Genus Species Reference 

DICOTS 

Rhoeadales 

Geraniales 

Tubiflorae 

Cruciferae 

Geraniaceae 

Solanaceae 

Brassica 

Arabidopsis 

Pelargonium 

Atropa 

Ly coper sic on 

Solanum 

Capsicum 

Datura 

Nicotiana 

oleraceae and x 
albo glabra 

thaliana 

hortoruin 

belladonna 

esculentum 

tuberosum 

pimp inellifo lium 

annuum 

innoxia 

met el 

meteloides 

tabacum 

rustica 

otophora 

glutinosa (4n) 

sylvestris 

a lata 

suaveolens 
glauca x 
langsdorffii 

Kameya and Hinata, 1970 

Gresshoff and Doy, 1972b 

Abo El-Nil and Hildebrandt, 1971 

Zenkteler, 1971 

Sharp, Dougall and Paddock, 1971a; Gresshoff and Doy, 1972a; Sharp, 
Raskin and Sommer, 1972; Debergh and Nitsch, 1973 

Irikura and Sakaguchi, 1972; Dunwell and Sunderland, 1973 

Debergh and Nitsch, 1973 

Wang et al., 1973b; George and Narayanaswamy, 1973 

Guha and Maheshwari, 1964, 1966, 1967; Nitsch, 1972a; Nitsch and 

Norreel, 1973 

Narayanaswamy and Chandy, 1971; Nitsch, 1972a; Iyer and Raina, 1972 

Nitsch, 1972a 

Bourgin and Nitsch, 1967; Nakata and Tanaka, 1968; Nitsch and Nitsch, 
1969; Sunderland and Wicks, 1969; Tanaka and Nakata, 1969; Burk, 1970; 
Carlson, 1970; Devreux, Saccardo and Brunori, 1971; Melchers and Labib, 
1970; Nakata, 1971; Sunderland, 1971; Sunderland and Wicks, 1971; 
Sharp, Dougall and Paddock, 1971 
Nitsch, 1969, 1972a 

Collins, Leggand Kasperbauer, 1972a; Collins and Sadasivaiah, 1972a 

Nitsch, 1969,1972® 

Bourgin and Nitsch, 1967a; Noth and Abel, 1971a; Nitsch, 1972a 

Nitsch, 1969, 1972a 

Smith, 1973 

Smith, J973 



TABLE XXVI. Cont. 

Order Family Genus Species Reference 

MONOCOTS 

Graminiales Gramineae Oryza sativa Niizeki and Oono, 1968, 1971; Guha et al., 1970; Iyer and Raina, 1972 

I,o Hum multiflorum Clapham, 1971 

Lolium /,. multiflorum (4x) ~ Nitzsche, 1970 
x Festuca x F. arundinaccae (12xj 

Hordeum vulgare Clapham, 1973 

Triticum aestivum Ouyang el al., 1973; Pieard and de Buyser, 1973; Wang el al., 1973a 

Triticale Wang el al., 1973b; Sun, Wang and Chu, 1974 

Aegilops caudata x umbellulata Kimala and Sakamoto, 1972 

Setaria italica Ban, Kokubu and Miyaji, 1971 

Liliales Liliaceae Lilium longiflorum Sharp, Raskin and Sommer, 1971 

3 Also contains reference to N. tabacum. 



haploids could be produced in higher frequency. Within four years (1970—73) production of 
haploids by anther culture has been reported in five plant orders (three dicot and two monocot) 
representing five families, 18 genera, 23 species and four interspecific hybrids (Table XXVI). 

The technique involves the selection of anthers at an appropriate stage of development, 
usually just before or after the first mitotic division; and their aseptic culture on a nutrient medium 
suitable for the species being studied (Sunderland, 1974). Under these conditions pollen may 
switch from normal development so that the vegetative cell divides to form an embryoid which 
gives rise to a plantlet with the gametic number of chromosomes (Sunderland and Wicks, 1969, 1971; 
Nitsch, 1969, 1972; Sunderland, 1971; Clapham, 1971; Iyer and Raina, 1972). In other experi-
ments anthers cultured on nutrient media of various formulations produce a callus from tissues 
within the anther wall and this eventually may differentiate yielding haploids, as in rice (Niizeki 
and Oono, 1968), Lycopersicon (Gresshoff and Doy, 1972a) and Arabidopsis (Gresshoff and 
Doy, 1972b). 

Once true haploid cultures are established, difficulties may still be encountered in their 
maintenance and use. One problem is the instability in chromosome number commonly associated 
with the undifferentiated state. Stabilization would greatly enhance the usefulness of haploid 
eukaryotic cells as experimental material for mutagenic studies. Another difficulty with certain 
haploid cultures, and particularly those of monocots, is that it is hard to induce organogenesis; 
though this has been achieved in several cereals such as rice (Nishi, Yamada and Takahashi, 1972; 
Niizeki and Oono, 1968, 1971), wheat (Shimada, Saskuma and Tsunewaki, 1969; Ouyang, Chuang 
and Tseng, 1973; Wang et al., 1973a), Triticale (Wang et al., 1973b) and barley (Clapham, 1973). 
Organ and/or plantlet formation has been reported from non-haploid calli of additional economically 
important monocots such as sugar cane (Barba and Nickell, 1969), asparagus (Wilmar and 
Hellendoorn, 1968; Steward and Mapes, 1971; Bui-Dang-Ha and Mackenzie, 1973), oats (Carter, 
Yamada and Takahashi, 1967), sorghum (Masteller and Holden, 1970) and barley (Cheng and 
Smith, 1974). 

New techniques for obtaining haploid plants of tomato from isolated pollen grains by using 
'nurse' cultures (Sharp, Dougall and Paddock, 1972) or anther extracts (Debergh and Nitsch, 1973) 
show promise for future large-scale production of haploids (Nitsch, 1974). Kameya and Hinata 
(1970) had earlier shown that haploid plants of Brassica could be obtained from mature pollen 
grains released from dehisced anthers. 

12.5. USE OF HAPLOID CELL CULTURES FOR MUTAGENESIS AND PLANT BREEDING 

The practical utilization of haploid plant cells in culture for mutation-breeding work will 
depend largely on developing rapid methods for recovering agriculturally useful variants (Binding, 
1974; Devreux and de Nettancourt, 1974). An example is the recovery of tobacco cells resistant 
to the toxin produced by wildfire disease from a mutagenized haploid cell population. The cells in 
culture were selected for growth in the presence of methionine sulphoximine, an analogue of both 
the amino acid methionine and the wildfire toxin (Carlson, 1973b). Three of the plants that were 
regenerated from the methionine sulphoximine-resistant calluses were less susceptible than the 
parent plant to the pathogenic effects of bacterial infection. This result suggests the potential of 
selection for toxin resistance as a generalized procedure for generating disease-resistant varieties. 
In two of the resistant plants recovered the intracellular concentration of free methionine was five 
times higher than in the parent type. This result indicates that in higher plants the endogenous 
concentration of a specific metabolite may be increased by selecting for resistance to a structural 
analogue of that metabolite. It follows, therefore, that by using analogues of amino acids essential 
to human nutrition, variants of crop species that produce elevated levels of these compounds may 
be induced and selected in culture. 

210 



An important step in the utilization of mutant haploid cell cultures and plants is to 'diploidize' 
them, i.e. double the chromosome number in order to form isogenic diploid lines (Sunderland, 
1971). Fortunately, this is usually not difficult and may occur spontaneously or be readily induced 
with colchicine (Tanaka and Nakata, 1 969; Kasperbauer and Collins, 1971; Burk, Gwynn and 
Chaplin, 1972; Jensen, 1974). 

Perspectives for future use of somatic cell cultures in genetics and plant breeding have been 
presented recently by Carlson (1973a), Cocking (1973), Melchers and Labib (1973), Smith (1973) 
and Hermsen (1974). Corduan (1974) reported on induced mutants with drastically increased 
alkaloid content derived from anther culture of Hyoscyamus niger. The general utility of haploid 
cell cultures in future plant improvement programmes appears to be great. The methods used would 
follow those that have been so successful in the rapid development of microbial and molecular 
genetics. A wide range of practical experiments with haploid cell cultures can be envisioned as, 
for example, to select cell lines and finally plants that are resistant to heat, cold, salinity or 
pathogen-produced phytotoxins, as well as other characteristics of potential economic importance. 
Mutants involving the genetic control of substances essential and unique to the biochemistry, 
growth and differentiation of higher plants merit study for their intrinsic botanical and agricultural 
significance (Smith, 1973). 
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13. WHEN TO USE MUTATIONS IN PLANT BREEDING 

The question of when to use mutations in plant breeding cannot be answered unequivocally 
at the current level of knowledge. However, a review of some of the basic features of induced 
mutations establishes principles which can be applied to specific plant-breeding situations to 
provide a factual basis for choosing between induced mutations and the more conventional methods 
of plant breeding. 

Plant breeding essentially consists of three phases, generation of genetic variability, selection 
of useful genotypes, and comparative tests to demonstrate the superiority of the selected geno-
types. Induced mutations contribute primarily by increasing genetic variability. The subsequent 
selection and testing procedures used in a mutation-breeding programme are essentially the same as 
for programmes based upon hybridization. In addition to their direct use, induced mutations are 
an alternative to plant introduction as a source of germ plasm for plant improvement programmes. 

Any proposal to use induced mutations in plant improvement must consider the likelihood 
of success when compared with conventional techniques and the effort required to obtain the 
desired genotype. The likelihood of success can be considered in relation to the breeding system of 
the species and the genetic control of the character to be improved. 

13.1. SELF-FERTILIZING SPECIES 

13.1.1. Simply inherited traits, e.g. disease resistance 

Such characters are likely to be controlled by a single gene. Consequently, the choice between 
induced mutations and gene transfer is largely determined by the ease with which the gene can be 
mutated, compared with the ease with which it can be incorporated from another genotype. 

The induction of a recessive mutation is a much more likely event than the induction of a 
dominant mutation (Table XXVII). This fact, plus the ease of intra-specific transfer of a dominant 
gene by conventional genetic methods, favours hybridization breeding where the desired charac-
teristic is known or presumed to be conditioned by a dominant gene. 

In the case of recessive genes the induction of mutations is more worthy of consideration. 
If the gene is available in a genotype closely related to the agricultural cultivar, transfer of the gene 
by back-crossing would normally be favoured as the method more likely to prove successful. 
However, there are examples of rapid adjustment of single undesirable characteristics by means of 
mutation, such as the. change of grain colour of a high yielding wheat variety from red to amber 
to suit local market preferences (Swaminathan et al., 1967). If close linkage with undesirable 
characters or undesirable pleiotropic effects are found to be involved in a gene-transfer programme, 
or if transfer of the desired gene involves inter-specific or inter-generic crossing, induced mutations 
may be the preferable technique. If there is no known source from which the gene can be transferred, 
induced mutations are, of course, the only possibility and the decision to initiate a programme 
based on induced mutations depends largely upon economic considerations such as the importance 
of the objective and the cost of screening for the desired mutation. 

Mutations are particularly efficient aids to the domestication of natural species. Evolution 
under natural conditions results in the accumulation of genes advantageous to the survival of the 
wild plant. Many of these genes are disadvantageous in agricultural situations. Where they occur as 
dominant alleles in the wild plant their activity is easily destroyed by mutation to recessive alleles or 
suppressed by modification of other genes. Removal or suppression of undesirable features such as 
toxin, spines or thorns is the first step in the adaptation of a plant to man's use. With all of our 
older agricultural species this has already been accomplished but it remains of importance for the 
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TABLE XXVll. MUTATION RATES FOR VARIOUS CLASSES OF 
MUTANTS IN MICE SPERMATOGONIA INDUCED BY X-RAYS 
(Lyons, Phillips and Searle, 1964) 

Class of mutant Mutants/gamete Mutants/gamete/R 

Recessive lethals 3.0 X 10"' 2.5 X 10"4 

Translocation 3.3 X 10"2 2.8 X 10"5 

Recessive visibles 2.2 X 10~2 1.8 X 10~5 

Dominant visibles 5.5 X lO"4 4.6 X 10"7 

introduction of new species into agriculture. For example, many of the potentially valuable higher 
protein-producing pasture legumes have undesirable toxins limiting their use (Hutton, 1965). 

13.1.2. Quantitatively inherited traits, e.g. yield, maturity time, adaptability 

These characters are predominantly controlled by the interaction of many genes, each of small 
effect. The efficiency of selecting the desired mutant is generally lower than for characters that 
are controlled by a single gene, but this is largely offset by the increased frequency of mutants 
resulting from the greater number of genes involved. There is no doubt that useful variation can be 
induced'and, if adequate selection is practised, improved genotypes can be obtained (Gregory, 1955, 
1960,1961). Alternative sources of variability and the price to be paid in terms of alteration to 
the background genotype (Brock, 1965) are the most important considerations to be taken into 
account in deciding whether to use induced mutations to improve quantitatively inherited characters. 

In situations where the species under consideration has not been closely adapted to the 
environment by intensive plant breeding, substantial variation is likely to be generated by either 
mutation or intervarietal hybridization. Consequently, the choice between the alternative methods 
of inducing variability will be largely determined by the extent to which the background genotype 
will be changed by the different methods. Where mutant identification is highly efficient, e.g. 
early flowering, inducing mutations appears to be an attractive proposition, for many mutants can 
be obtained and selection for other characters can be practised. On the other hand, if selection is 
difficult and expensive, e.g. yield, hybridization would be favoured because the high yielding 
segregant would be less likely to be deficient for some other character. 

In situations where the species has been closely adapted to the environment by intensive plant 
breeding further intervarietal hybridization of high-yielding, well-adapted genotypes generates very 
limited variability. In these situations substantial variability can only be generated by wide 
hybridization or mutation. Both will upset adaptation and in some situations mutation is likely to 
be less drastic in its effect and therefore the preferable method. 

13.2. CROSS-FERTILIZING SPECIES 

In general, induced mutations offer less prospect for the improvement of cross-fertilizing 
species than for self-fertilizing species. This is partly because of the difficulty of selecting, 
incorporating and maintaining recessive mutations in such populations and partly because the 
plant-breeding problems in cross-fertilizing species are more often problems of handling the existing 
variability than lack of variability per se. However, several successful plant improvement ventures 
have been undertaken with cross-fertilizing species exposed to mutagenic agents (Sigurbjornsson 
and Micke, 1974; Gupta and Swaminathan, 1967; Kivi, Rekunen and Varis, 1974; Burton, 
Powell and Hanna, 1974; Shkvarnikov and Morgun, 1974). 
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13.2.1. Simply inherited traits 

Where lack of variability exists for specific characters the basis for choosing between induced 
mutations and hybridization is essentially the same as for self-fertilizing species. However, the 
genetic consequences of the failure of recessive mutations to express in cross-fertilizing systems 
without forced selfing or sib-mating must be taken into account in assessing the cost of such 
ventures. 

13.2.2. Quantitatively inherited traits 

Compared with the situation with self-fertilizing species, relatively few experimental studies 
involving mutation and selection for quantitatively inherited characters are available with cross-
fertilizing species. Experiments with maize (Gardner, 1969) and poultry (Abplanalp et al., 1964) 
show the same trend, namely, mutagenic treatment results in a sharp depression of the mean of 
the character under study, an enhanced selection response can be achieved in the mutated 
population, but the selections from the mutated populations do not exceed those from the 
controls. With Tribolium (Bartlett, Bell and Anderson, 1966) mutation increased the variance for . 
quantitative traits but smaller selection responses were achieved than in the control population. 
Conflicting results have been obtained with Drosophila. Scossiroli (1953), Scossiroli and Scossiroli 
(1959) and Jones (1967) obtained large responses to selection with quantitatively inherited 
characters after the induction of mutations, whereas Clayton and Robertson (1955, 1964) with 
similar plateaued populations obtained only small responses to selection. 

In view of these results and the fact that lack of genetic variability is rarely the factor limiting 
improvement of quantitatively inherited characters in cross-fertilizing species, the use of induced 
mutations in these situations cannot be generally recommended unless it can be clearly established 
that naturally occurring variability has been fully utilized. 

13.3. VEGETATIVELY PROPAGATED SPECIES 

Vegetatively propagated species fall into two main categories. First, those that are capable of 
sexual reproduction but are commercially propagated vegetatively, e.g. many horticultural and 
floricultural species. These species are generally highly heterozygous and are often polyploid 
or aneuploid. The variability generated by crossing is so great that there is little chance of selecting 
for improved types among seedling progeny and at the same time retaining the general characteristics 
of the original variety. Plant improvement has depended very largely upon the selection of 
naturally occurring mutants (sports). Consequently, techniques that increase the frequency of 
mutations should be of great value. This is already proving so and a number of new floricultural 
varieties, produced as the result of the induction of mutations have been released (Sigurbjornsson 
and Micke, 1969, 1974). Restrictions imposed by the preponderance of recessive mutations and the 
failure of such mutations to express unless homozygous are largely offset by the heterozygosity of 
the cultivars. The largely deleterious nature of mutations and the detrimental effects of mutations 
occurring in the background genotype are offset to a considerable degree in floricultural species 
where novelty is of value in itself and 'yield' is not as important as it is in agricultural species. 
However, these factors remain important in most of the horticultural species. 

The second category of vegetatively propagated species are the apomicts. In obligate 
apomicts 'hybridization' fails to generate any variability. In such situations induced mutations are 
the only available method for generating variability as long as one cannot resort to somatic 
hybridization (see section 12). However, it should not be assumed that obligate apomicts occur 
frequently and an exhaustive search for sexual forms or facultative apomicts should be made before 
assuming that a species is an obligate apomict. 
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TABLE XXVIII. SPECIFIC LOCUS MUTATION INDUCED BY X- OR GAMMA RAYS 

Organism Loci Average rate per locus per cell Average rate per locus per rad References 

Drosophila 8 autosomal recessive visibles 1.4 X 10~s (spermatogonia) 1.52 X 10"8 Alexander (1954) 

2.0 X 10"s (sperm) 5.98 X 10~8 

Mice 7 autosomal recessive visibles 13.3 X 10"5 (spermatogonia) 22 X 10"8 Russell (1963) 

Oenothera 3 S alleles 2.5 X 10~s 3 X 10"8 Lewis (1949) 

Barley Kceriferum mutants 0.5 X 10"S a Lundqvist and von Wettstein (1962) 

Erectoides mutants 1.4 X 10"8" 

Tomatoes 3 loci (deletions) 2.2 X 10"3 (pollen) 37 X 10"8 (acute) Brock and Franklin (1966) 

2.7 X 10"3 (pollen) 228 X 10"8 (chronic) 

Oats Vb locus (deletion? ) 2.3 X 10"3 (seed) 7.6 X 1 0 " 8 ( 1 0 % H 2 0 ) Wallace (1965) 

15 X 10"3 (seed) 3.4 X 10~8 (3.5% H 2 0 ) 

a Average rate calculated assuming 77 loci. 



TABLE XXIX. EXPECTED FREQUENCY OF HIGH-PRODUCTIVE 
MUTANTS IN BARLEY (after Gustafsson, 1965) 

Type Frequency per treated cell 

Chromosomal mutation 8 X 10"2 

(Translocation, inversion) 

Mutants with small effects 1.8 X 10"2 

Erectoides 2.3 X 10"3 

Other more or less 1.3 X 10"3 

conspicuous mutants 

13.4. THE COST OF MUTATION BREEDING 

13.4.1. Plant genotype 

A common misconception about induced mutations is that they occur without any alteration 
to the background genotype. Consideration of the effect of mutagenic treatments on quantitatively 
inherited characters shows that this is not so. All of the mutagenic treatments at our command 
induce essentially random changes to the genotype, and at the treatment levels used to give an 
appreciable amount of visible mutations considerable variation in quantitatively inherited characters 
is also induced (see references quoted in section 6.4). Hence, if selection is applied only for a 
specific mutant phenotype, the selected mutant is very likely to be changed in a number of other 
subtle but nevertheless important ways. Random mutation increases the variance for all quanti-
tatively inherited characters and, in the absence of any selection or correlated response, the mean 
of the character will shift away from the direction of the previous selection (Brock, 1967). As 
most agricultural species have already been selected for high performance and adaptability, random 
mutation will on the average be deleterious and reduce the overall performance. This trend can, 
of course, be reversed by applying selection for all important characters or by incorporating the 
selected mutant into a breeding programme where the desired mutant gene can be separated from 
the undesirable mutations. 

13.4.2. Effort 

An assessment of the comparative effort , in terms of plant material, labour and time, of 
producing a new and useful genotype by mutation breeding or by conventional breeding is, 
unfortunately, not of ten possible. However, before a mutation-breeding programme is initiated some 
assessment should be made of the plant populations that will have to be examined to obtain the 
desired mutation. 

For single gene mutations, if we assume a mutation rate (/n) and set a level of probability of 
occurrence of the mutation (p , ) , then the number of treated cells that have to be examined (n) 
can be calculated from the formula 

l o g ( l - P i ) 

" l o g ( l - M ) 

Induced mutation rates for specific loci vary greatly, depending upon the locus studied, the 
nature of the mutational event and the treatment conditions. 
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TABLE XXX. NUMBER O F CELL PROGENIES TO BE EXAMINED FOR VARIOUS 
MUTATION RATES AND PROBABILITIES O F OCCURRENCE 

Mutation frequency No. of cell progenies (n) Applicable for 

o o p, = 0.90 Pi = 0.99 (approximate) 

1 X 10~2 233 465 Chromosome changes and 
quantitatively inherited 
variability 

1 X 1(T3 2 326 4652 Several recessive genes 

1 X 10"4 23 260 46 520 Single recessive gene 

i x icr5 232 600 465 200 Single dominant gene 

TABLE XXXI. M2 FAMILY SIZES FOR 
DIFFERENT SEGREGATION RATIOS AND 
LEVELS OF PROBABILITY O F 
OCCURRENCE OF THE HOMOZYGOUS 
MUTANT 

Segregation 
ratio 

M2 family size (m) 

p2 = 0.90 p2 = 0.99 

a = 1/4 8.0 16.0 

1/8 17.2 34.5 

1/12 26.3 52.6 

1/16 35.7 71.4 

1/20 45.5 91.0 

Mutation rates for specific recessive loci, excluding deletions, fall within the range f rom 
1 to 20 X 10"8 per rad per locus or f rom 1 to 40 X 10" s per locus per cell (Table XXVIII). Where 
mutat ion is the result of a deletion higher rates are obtained. 

However, many mutant phenotypes can be produced by mutat ion at a number of different 
loci; for example, the erectoides mutants in barley are known to occur by mutat ion of 26 loci 
(Persson and Hagberg, 1969), similarly the eceriferum mutants are known to occur at 44 loci 
(Lundqvist, von Wettstein-Knowles and von Wettstein, 1968). Mutation rates in mice for various 
classes of mutants are given in Table XXVII. Gustafsson (1965) calculated the expected f requency 
of various classes of potentially useful mutants in barley (Table XXIX). F rom these data a general 
assessment of expected mutat ion f requency, and hence the number of treated cell progenies to 
be examined can be calculated (Table XXX). With the uncertainty involved in estimating the 
likely mutat ion rate the application of these figures is necessarily approximate. 

Mutations are detected in the progeny of the treated cells and recessive mutat ions are not 
expressed until at least the second generation (M 2) in diploid organisms. Hence, the values of n 
given in Table XXX represent the number of M2 families that have to be examined. Assuming the 
mutagenic t reatment to have a 50% lethal effect (LD 5 0 dose), the number of M! plants required 
to provide these M2 families is represented by the value 2n. 
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The number of plants that have to be examined per M2 families (m) is determined by the 
segregation ratio (a) and the probability of occurrence of the homozygous mutant (p2). For a 
single recessive gene the segregation ratio (a) is 1 /4 following treatment of a haploid gamete (pollen 
treatment). However, when seeds are treated it is general for more than one cell of the treated 
embryo to contribute to the next generation; hence the segregation ratio for 2, 3 or 4 cells 
contributing to the next generation in the absence of cell selection is 1/8, 1/12, or 1/16. The M2 

families' size (m) (see Table XXXI) for various values of a and p2 can be calculated from the 
formula 

log(l - p 2 ) 
m = 

log (1 - a) 

By combining these two estimates the population's sizes can be calculated. For example, 
accepting 90% probability of occurrence of the mutant and its presence as a detectable homozygote 
in the M2 generation and assuming an induced mutation frequency of 1 X 10~3, an M, population 
of 5000 plants (or spikes) yielding 2500 fertile progeny would be sufficient. The mutant would 
have to be detected in an M2 population of approximately 50 000 (2500 X 20). However, if the 
mutation frequency is 1 X 10 _ s , these populations would have to be 250000 for the M, generation 
and 5 000 000 for the M2 population. 

From a practicable point of view it is rarely possible to predict mutation frequencies 
accurately and these calculations are useful only as guidelines. However, they do serve to emphasize 
the large populations required even in the simplest cases and the importance of utilizing highly 
efficient, low-cost methods of detecting mutants. They are also of limited value for assessing the 
population sizes required for the detection of useful quantitatively inherited variation because 
neither the number of genes involved nor the minimum size of effect detectable in the M2 generation 
can be determined. However, practical experience with such characters suggest that large 
population size and efficient screening techniques are essential for success as well. 

Finally, as in any breeding programme, the breeder should have specific objectives. When 
dealing with simply inherited characters the essential differences between mutation breeding and 
gene transfer are the population sizes and the likelihood of alterations to the background genotype. 
Induced-mutation programmes require large populations and the desirable genotype must be easily 
detectable. The breeder should decide whether he wants to use the mutant as a source of genetic 
variability for a hybridization programme or whether he wishes to modify a genotype that is 
already largely satisfactory. The methods to be used will be different for the different objectives. 
For chromosomal changes and quantitatively inherited characters in self-fertilizing species the 
outlook for induced mutation is promising. For vegetatively propagated species it is even more 
promising. More large-scale attempts to use mutation in plant improvement will allow its role and 
potential to be defined more precisely. 

219 





BIBLIOGRAPHY 
AASTVEIT, K. (1965), Induced mutations in barley, Meld. Norg. LandbrHoisk. 44, pp. 1 - 3 1 . 

AASTVEIT, K. (1966), "Use of induced barley mutants in a cross-breeding programme", Mutations in Plant 
Breeding (Proc. Panel Vienna, 1966), IAEA, Vienna, pp. 7—14. 

AASTVEIT, K., GAUL, H. (1967), Variation and selection of micromutants, Radiat. Bot. 1, pp. 252 -61 . 

ABO EL-NIL, M.M., HILDEBRANDT, A.C. (1971), Differentiation of virus-symtomless geranium plants from 
anther callus, Plant Dis. Rep. 55, pp. 1017-20. 

ABPLANALP, H., LOWRY, D.C., LERNER, I.M., DEMPSTER, E.R. (1964), Selection for egg number with 
X-ray-induced variation, Genetics 50, pp. 1083-1100. 

ABRAMS, R., FREY, K.J. (1964), Variation in quantitative characters of oats (Avena sativa L.) after various 
mutagen treatments, Agron. J. 4, pp. 163—67. 

ABRAMS, R., VELEZ-FORTUNO, J. (1962), Radiation research with pigeon peas (Cajanus cajan): results on 
X3 and X4 generations, J. Agric. Univ. Puerto Rico 46, pp. 3 4 - 4 2 . 

AHNSTROM, G. (1968a), "Effects of oxygen and moisture content on the radiation damage in barley seeds 
irradiated with fast neutrons and gamma rays", Neutron Irradiation of Seeds II, Technical Reports Series No. 92, 
IAEA, Vienna, p. 43. 

AHNSTROM, G. (1968b), "Construction of ionization chambers for fast neutron and gamma dosimetry in the 
neutron seed irradiation program", Neutron Irradiation of Seeds II, Technical Reports Series No. 92, IAEA, 
Vienna, pp. 111 — 112. 

AHNSTROM, G. (1968c), "Chemical dosimeter system for mixed neutron and gamma radiation", Neutron' 
Irradiation of Seeds II, Technical Reports Series No. 92, IAEA, Vienna, p. 107; and Ibid., Annex II. 

AHNSTROM, G., EDVARDSSON, K.A. (1974), Radiation-induced single-strand breaks in DNA determined by 
rate of alkaline strand separation and hydroxylapatite chromatography: an alternative to velocity sedimentation, 
Int. J. Radiat. Biol. 26, p. 493. 
o 
AKERBERG, E. (1954), Mutations in X-rayed material of the six-rowed barley variety Edda, Acta Agric. Scand. 
4, pp. 544—48. 

AKESSON, H. (1961), Mutationsforadling som ett led mot battre sjunkdomsresitens hos tomater, Weibulls 
Allehanda 21, 32; PBA 32, 4047. 

AL DIDI, M.A. (1965), "Development of new Egyptian cotton strains by seed irradiation", The Use of Induced 
Mutations in Plant Breeding (Rep. FAO/IAEA Tech. Meeting Rome, 1964), Pergamon Press, Oxford, pp. 579—83. 

ALEXANDER, D.E. (1960), Performance of genetically induced corn tetraploids, Am. Seed Trade Assoc. 15, 
pp. 68 -74 . 

ALEXANDER, M.L. (1954), Mutation rates at specific loci in the mature and immature germ cells of Drosophila 
melanogaster. Genetics 39, pp. 409 -28 . 

ALEXANDER, P., STACEY, K.A. (1958), Comparison of the changes produced by ionizing radiations and by 
the alkylating agents: Evidence for a similar mechanism at the molecular level, Ann. N.Y. Acad. Sci. 68, p. 1225. 

ALEXANDER, P., LETT, J.T., PARKINS, G. (1961), Biochem. Biophys. Act. 48, p. 523. 

ALLARD, R.W. (1960), Principles of Plant breeding, Wiley-Toppan, New York, pp. 485. 

ALSTON, R.E., SPARROW, A.H. (1962), Somatic mutation rates in double and triple heterozygotes of Impatiens 
balsamina following chronic gamma irradiation, Radiat. Bot. 1, pp. 229—32. 

AMANO, E., SMITH, H.H. (1965), Mutations induced by ethyl methanesulfonate in maize, Mutat. Res. 2, 
pp. 344 -51 . 

AMIRSHAHI, M.C., PATTERSON, F.L. (1956), Cold resistance of parent varieties, F 2 populations, and F 3 lines 
of 20 oat crosses, Agron. J. 48, pp. 184-88 . 

ANDERSON, E.G., LONGLEY, A.E., LI, C.H., RETHERFORD, K.L. (1949), Hereditary effects produced in 
maize by radiations from the Bikini atomic bomb. I. Studies on seedlings and pollen of the exposed generation, 
Genetics 34, pp. 639 -46 . 

221 



ANDERSSON, G., OLSSON, G. (1954), Svalof's Primex white mustard-a market variety selected in X-ray treated 
material, Acta Agric. Scand. IV, pp. 574—77. 

ANDERSSON, G., OLSSON, G. (1961), Cruciferen-Olpflanzen, Handbuch der Pflanzenziichtung V (Roemer-
RudorO, Verlag Paul Parey, Berlin-Hamburg, pp. 1—66. 

ANDEWEG, J.M., KOOISTRA, E. (1962), "Gemuseerbsen", Handbuch der Pflanzenziichtung VI (Roemer-Rudorf), 
Verlag Paul Parey, Berlin-Hamburg, pp. 4 0 7 - 3 8 . 

ANDO, A., VENCOVSKY, R. (1967), The effect of irradiation on a polygenically inherited character in Nicotiana 
tabacum L. in relation to selection after treatment of aged seeds, Mutat. Res. 4 , pp. 605 — 14. 

ANONYMOUS (1972), Genetic vulnerability of major crops, Natl. Acad. Sci, Washington, D.C. 

APPELQVIST, L.A. (1967), Further studies on a multisequential method for determination of oil content in 
oilseeds, J. Am. Oil Chem. Soc. 4 4 , pp. 209 -14 . 

APPELQVIST, L.A. (1969), Lipids in Cruciferae IV. Fatty acid patterns in single seeds and seed populations of 
various Cruciferae and in different tissues of Brassica napus L, Hereditas 6 1 , pp. 9—44. 

APPELQVIST, L.A. (1971), Composition of seeds of cruciferous oil crops, J. Am. Oil Chem. Soc. 48, pp. 851-59 . 

APPELQVIST, L.A., JOSEFSSON, E. (1967), Method for quantitative determination of isothiocyanates and 
oxazolidinethiones in digests of seed meals of rape and turnip rape, J. Sci. Fd Agric. 18, pp. 510—19. 

ARNDT, F„ SCHOLZ, H. (1933), Angew. Chem. 46, p. 48. 

ASHRI, A., LADIJINSKI, G. (1964), Anatomical effects of the capsule-dehiscence-alleles in sesame, Crop Sci. 
4 , pp. 136-38. 

ASSEYEVA, T. (1927), Bud mutations in the potato and their chimerical nature, J. Genet. 19, pp. 1 - 2 6 . 

ATTIX, F.H. (1966), Radiation Dosimetry II (ATTIX, F.H., ROESCH, William C., Eds), Academic Press, New 
York. 

AUERBACH, C. (1941), The effect of sex on the spontaneous mutation rate in Drosophila melanogastcr, J. Genet. 
4 1 , pp. 255 -65 . 

AUERBACH, C. (1958), Radiomimetic substance, Radiat. Res. 9, pp. 33 -47 . 

AUERBACH, C. (1960), "A discussion of mutagenic specificity", in Chemische Mutagenese, Erwin-Bauer-
Gedachtnisvorlesungen I, Akademie-Verlag Berlin, pp. 121—23. 

AUERBACH, C. (1961), "Chemicals and their effects", Mutation and Plant Breeding. Rep. NAS-NRC 8 9 1 , 
pp. 120-144. 

AUERBACH, C. (1967), The chemical production of mutations, Science 158, pp. 1141-47. 

AUERBACH, C„ KILBEY, J. (1971), Mutation in eukaryotes, Ann. Rev. Gener. 5, p. 163. 

AUNG, T., THOMAS, H. (1976), Transfer of mildew resistance from the wild oat A vena barbata into the cultivated 
oat, Nature (London) 260, pp. 6 0 3 - 4 . 

AUSEMUS, E.R., HSU, K.T., SUNDERMAN, D.W. (1955), "Resistance to stem rust race 158 induced by ionizing 
radiation in wheat", Abstr. Ann. Meet. Am. Soc. Agron 48, PBA 26, p. 1028. 

AUXIER, J.A. (1965), The Health Physics Research Reactor, Health Phys. 1 1 , pp. 89 -93 . 

AXMANN, H. (1975), "A semi-automatic method for mass screening basic amino acids in cereal grains by DBC", 
Breeding for Seed Protein Improvement Using Nuclear Techniques (Proc. Meeting Ibadan, 1973), IAEA, Vienna, 
pp. 145-55 . 

AYERS, A.D., BROWN, I.W., WADLEIGH, C.H. (1952), Salt tolerance of barley and wheat in soil plots receiving 
several salinization regimes, Agron. J. 4 4 , pp. 307 — 10. 

AYERS, A.D., WADLEIGH, C.H., MAGISTAD, O.C. (1943), The interrelationships of salt concentration and soil 
moisture content with the growth of beans, J. Am. Soc. Agron. 35, pp. 796-810 . 

AZEEZ, M.A., SIRAJ-UD-DIN SHAH (1959), "Wheat improvement in the former Punjab", Proc. 11 th Pakistan 
Science Conf. Karachi 1959 III, pp. 6 1 - 2 . 

AZZAM, H., LINDEN, D.B. (1965), Radiation effects on banana corms, Musa sapientum, J. Agric. 49, pp. 270 -71 . 

222 



BACQ, Z.M., ALEXANDER, P. (1961) , Fundamentals of Radiobiology, 2nd ed., Pergamon Press, Oxford , p. 555. 

BAGNARA, D „ PALENZONA, D.L., W1TTMER, G. (1964) , Valutazione in R2 degli effe t t i di radiazioni ionizzanti 
sulla variability genetica di alcuni caratteri fogliari in Nicotiana tabacum, Genet. Agrar. 18, pp. 395—409. 

BAJAJ, Y.P.S. (1972) , Regeneration of haploid plants f rom mesophyll protoplasts, In vitro 7, p. 260. 

BAL1NT, A., SUTKA, J. (1966) , Variability of quantitative characters in maize as affected by gamma irradiation, 
Acta Agron. Acad. Sci. Hung. 15 304, pp. 2 8 5 - 9 0 . 

BAN, Y., KOKUBU, T., MIYAJI, Y. (1971) , Production of haploid plant by antherculture of Setaria italica. Bull. 
Fac. Agr., Kagoshima Univ. 2 1 , pp. 77—81. 

BANDLOW, G. (1951) , Mutationsversuche an Kulturpflanzen. II Ziichterisch wertvolle Mutantenbei Sommer und 
Wintergersten, Zuechter 2 1 , pp. 357—63. 

BARBA, R., NICKELL, L.G. (1969) , Nutrit ion and organ differentiation in tissue cultures of sugar cane, a 
monocotyledon, Planta 89, pp. 2 9 9 - 3 0 2 . 

BARABAS, Z. (1965) , "Induced quantitative somatic mutants in Sorghum", The Use o f l n d u c e d Mutations in 
Plant Breeding (Rep. FAO/IAEA Tech. Meeting Rome, 1964), Pergamon Press, Oxford , pp. 5 1 5 - 2 0 . 

BARI, G., AWAN, M.A., BHATTI, I.M. (1971) , "Yield performance of promising rice mutan ts and hybrid 
selections", Rice Breeding with Induced Mutations III, Technical Reports Series No. 131, IAEA, Vienna, pp. 1—4. 

BARTLETT, A.C., BELL, A.E., ANDERSON, V.L. (1966) , Changes in quantitative traits of Tribolium under 
irradiation and selection, Genetics 54, pp. 699—713. 

BARTON, L.V., SALT, M.L. (1948) , Growth inhibitors in seeds, Contrib. Boyce Thompson Inst. 15, p. 259. 

BASU, M.C., ROBBELEN, G., SCHEIBE, A. (1962) , Uber die zytologische Instabilitat einer durch Chemikalien 
induzierten Gerstenmutante, Biol. Zbl. 81, pp. 227—51. 

BAUER, R. (1957), The induction of vegetative mutat ions in Ribes nigrum, Hereditas 43, pp. 323—37. 

BAUMANN, L.F., CONWAY, T.F., WATSON, S.A. (1963) , Heritability of variations in oil content of individual 
corn kernels, Science 139. 

BAUR, E. (1924) , Untersuchungen iiber das Wesen, die Entstehung und die Vererbung von Rassenunterschieden 
bei Anthirrinum majus, Bibl. Genet. 4, pp. 1 — 170. 

BAUR, E. (1960) , Chemische Mutagenese, Erwin-Bauer-Gedachtnisvorlesungen, 1. Abh. Dtsch. Akad. Wiss. Berl., 
Kl. Med. 1. 

BAUTZ, E., FREESE, E. (1960) , On the mutagenic effect of alkylating agents, Proc. Natl. Acad. Sci. USA 4 6 ; 
1 5 8 5 - 9 4 . 

BAYNES, R.A., BRAWN, R.I. (1973) , Influence of cytoplasmic effects on some agronomic characters in corn, 
Can. J. Plant Sci. 53, pp. 1 0 1 - 4 . 

BEADLE, G.W. (1932) , A gene for sticky chromosomes in Zea mays, Z. lndukt . Abstamm. VererbLehre 63, 
pp. 1 9 5 - 2 1 7 . 

BEADLE, G.W. (1937) , Chromosome aberrations and gene mutation in sticky chromosome plants of Zea mays, 
Cytologia (Tokyo) , Fuji i Jub. 1, pp. 43—56. 

BEAL, J.M., SCULLY, N.J. (1950) , Chromosomal aberrations in onion roots f rom plants grown in an atmosphere 
containing C ' ^Qj , Bot. Gaz. 112, pp. 2 3 2 - 3 5 . 

BEARD, B.H. (1970) , Estimating the number of meristem initials after seed irradiation. A method applied to 
flax stems, Radiat. Bot. 1 0 , pp. 4 7 - 5 8 . 

BEKEDAM, J. (1961), "X-ray induced mutat ions in rice", Effects of Ionizing Radiations on Seeds (Proc. Symp. 
Karlsruhe, 1960), IAEA, Vienna, pp. 6 0 9 - 2 9 . 

BELL, M.C. (1970) , Flexible sealed 9 0Sr-9 0Y sources for large area skin irradiation, Int. J. Appl. Radiat. Isotopes 
2 1 , pp. 4 2 - 4 3 . 

BELLING, J., BLAKESLEE, A.F. (1924) , The configurations and sizes of the chromosomes in the trivalents of 
25-chromosome Daturas, Proc. Natl. Acad. Sci. USA 1 0 , pp. 116—20. 

223 



BENDER, K. (1963), Uber die Erzeugung und Entstehung dihaploider Pflanzen bei Solarium tuberosum, Z. 
Pflanzenzuecht. 50, pp. 141—66. 

BENDER, K., GAUL, H. (1966), Nachwasche, Riicktrocknung und Lagerung bei AMS-behandelten Gerstensamen, 
Radiat. Bot. 6, pp. 505-18 . 

BENDER, K., GAUL, H. (1967), Variierung der AMS-Wirkung bei Gerste durch Anwendung verschiedener 
Behandlungs-und Nachwaschtemperaturen, Radiat. Bot. 7, pp. 289—301. 

BEN-SHAUL, Y., OPHIR, I. (1970), Influence of streptomycin on plastids in dividing Euglena, Planta 91, 
pp. 195-203. 

BERGANN, F. (1967), "Relative instability of chimerical clones — the basis for further breeding", Induced 
Mutations and Their Utilization, Proc. Symp. Erwin-Bauer-Gedachtnisvorlesungen IV, Gatersleben, 1966, 
Akademie-Verlag, Belin, pp. 287-300. 

BERGANN, F., BERGANN, L. (1959), tjber experimentell ausgeloste vegetative Spaltungen an chimarischen 
Klonen, zugleich als Beispiele erfolgreicher Staudenauslese. I Pelargonium zonale Ait. "Madama Salleron", 
Zuechter 29(8), pp. 361-74 . 

BERGANN, F., BERGANN, L. (1962), tjber Umschichtungen (Translokationen) an den Sprosscheiteln periklinaler 
Chimaren, Zuechter 32(2), pp. 110-19 . 

BHAN, K.C. (1964), Cytoplasmic inheritance, Bot. Rev. 30, pp. 312 -32 . 

BHAT, B.K., DHAWAN, N.L. (1969), Effect of cytoplasm on quantitative characters of maize, Ind. J. Genet. Plant 
Breed. 29, pp. 321-26 . 

BHATIA, C.R. (1967), Increased mutagenic effect of ethyl methanesulfonate when dissolved in dimethyl sulfoxide, 
Mutat. Res. 4, pp. 3 7 5 - 7 6 . 

BHATIA, C.R., NARAYANAN, K.R. (1965), Genetic effects of ethyl methanesulfonate in combination with 
copper and zinc ions on Arabidopsis thaliana, Genetics 52, pp. 577—81. 

BHATIA, C.R., SWAMINATHAN, M.S., GUPTA, N. (1961), Induction of mutations for rust resistance in wheat, 
Euphytica 10, pp. 379-83 . 

BHATIA, C.R., SWAMINATHAN, M.S. (1962), Induced polygenic variability in bread wheat and its bearing on 
selection procedures, Z. Pflanzenzuecht. 48, pp. 317 — 26. 

BHATIA, C.R., VAN DER VEEN, J.H. (1965), Two-way selection for EMS-induced micromutations in Arabidopsis 
thaliana (L.) Heynh, The Use of Induced Mutations in Plant Breeding (Rep. FAO/IAEA Tech. Meeting Rome, 1964), 
Pergamon Press, Oxford, pp. 497—503. 

BIANCH1, A., CONTIN, M. (1963), Radiogenetical experiments with higher resolving power in maize, Atti Assoc. 
Genet. Ital. 8, pp. 257-67 . 

BIANCHI, A., GIACCETTA, F. (1964), Mutations induced by fractionated doses of X-rays-in maize pollen, Can. J. 
Genet. Cytol. 6, pp. 304 -23 . 

BIANCHI, A., MARIANI, G., UBERTI, P. (1961), "Mutations induced in endosperm and seedlings of maize 
following X-irradiation and diepoxybutane treatment of mature pollen", Effects of Ionizing Radiations on Seeds 
(Proc. Symp. Karlsruhe, 1960), IAEA, Vienna, pp. 4 1 9 - 3 9 . 

BIASUTTI-OWEN, E. (1956), Storage of seeds for maintenance of viability, Commonwlth Agric. Bureaux, Franham 
Royal, England. 

BILLAZ, A. (1962), A comparison of the drought resistance of four ground nut varieties, 016agineux 17, pp. 35—9. 

BINDING, H. (1974),"Mutation in haploid eel] cultures", Haploids in Higher Plants, Advances and Potential, 
University of Guelph Press, pp. 3 2 3 - 3 7 . 

B1RKY, C.W., Jr. (1973), On the origin of mitrochondrial mutants: Evidence for intracellular selection of 
mitochondria in the origin of antibiotic-resistant cells in yeast, Genetics 74, pp. 421—32. 

BIRNIE, G. (1960), Rust resistance in some induced mutations of the new Pusa wheats 797, 798 and 799, 
Euphytica 9, pp. 290-92 . 

BISHOP, C.J. (1967), Radiation induced mutations in vegetatively propagated tree fruits, Proc. 17th int. Hort. 
Congr. II, pp. 15-25 . 

224 



BLIXT, S. (1965), Studies of induced mutations, XII. Induction of leaf spots by EMS in different plant species, 
Agri Hort. Genet. 23, pp. 187-205. 

BLIXT, S. (1970), The ageotropum mutant, Pisum Newslett. 2, pp. 11-12 . 

BLIXT, S. (1970a), Studies of induced mutations in peas. XXVI. Genetically controlled differences in radiation 
sensitivity, Agri Hort. Genet. 28, pp. 55 — 116. 

BLIXT, S., EHRENBERG, L., GEL1N, O. (1958), Quantitative studies of induced muations in peas. I. Methodological 
investigations, Agri Hort. Genet. 16, pp. 238—50. 

BLIXT, S., EHRENBERG, L., GELIN, O. (1960), Quantitative studies of induced mutations in peas. III. Mutagenic 
effect of ethylenemine, Agri Hort. Genet. 18, pp. 109—23. 

BLIXT, S., GELIN, O., MOSSBERG, R., AHNSTROM, G., EHRENBERG, L., LOFGREN, R.A. (1964), Studies 
of induced mutations in peas. IX, Induction of leaf spots in peas, Agri Hort. Genet. 22, pp. 186-94. 

BLIXT, S., GELIN, 0 . , MOSSBERG, G., AHNSTROM, G., EHRENBERG, L., LOFGREN, R.A. (1965) Studies 
of induced mutations, XII. Induction of leaf spots by EMS in different plant-species, Agri Hort. Genet. 23, 
pp. 187-205. 

BOCKENOOGEN, H.A. (Ed.) (1968), Analysis and Characterization of Oils, Fats and Fat Products 2, Interscience, 
New York. 

BOGYO, T.P., SCARASCIA-MUGNOZZA, G.T., SIGURBJORNSSON, B., BAGNARA, D. (1969), "Adaptation 
studies with radiation-induced durum wheat mutants", Induced Mutations in Plants (Proc. Symp. Pullman, 1969), 
IAEA, Vienna, pp. 699 -717 . 

BOGYO, T.P., SCARASCIA-MUGNOZZA, G.T., SIGURBJORNSSON, B., BAGNARA, D., BOZZINI, A. (1973), 
"The F AO/IAEA/CNEN Near East uniform regional trials of radio-induced durum wheat mutation breeding at 
Casaccia", Proc. Symp. Genetics and Breeding of durum Wheat, Bari, pp. 349—71. 

BONDARENKO, G.K. (1949), Vererbung der Winterfestigkeit bei Bastardierung von Winterweizensorten, Dokl. 
Akad. Nauk SSSR 67, pp. 153-55. 

BORES, R.J., BOTTINO, P.J. (in press), Design and dosimetry of a ' " S r - 9 ^ beta irradiation facility, Health Phys. 

BOROJEVIC, K. (1964), Genetic changes induced by irradiation in the triticum species, Zbom. Prir. Nauke Matica 
Srp. Novi Sad, p. 26. 

BOROJEVlt , K. (1965), "The effect of irradiation and selection after irradiation on the number of kernels per 
spike in wheat", The Use of Induced Mutations in Plant Breeding (Rep. FAO/IAEA Tech. Meeting Rome, 1964), 
Pergamon Press, Oxford, pp. 505-13 . 

BOROJEVlt , Katarina (1974), "Screening induced mutations for resistance to leaf rust in wheat", Induced 
Mutations for Disease Resistance in Crop Plants (Proc. Meeting Novi Sad, 1973), IAEA, Vienna, pp. 133—46. 

BORONJUK, V.A. (1959), A sesame variety with low shedding, Priroda 11, pp. 115-17. 

BOTTINO, P.J., SPARROW, A.H., BORES, R.J. (in press), Relative Biological Effectiveness (RBE) of beta, 
gamma and X-irradiation for seedling growth and survival in barley and somatic mutations in Tradescantia, 
Radiat. Bot. 

BOULTER, D., EVANS, Z.M. (1976), "Legume proteins, their nutrional improvement and screening techniques", 
Evaluation of Seed Protein Alterations by Mutation Breeding (Proc. Meeting Hahnenklee, 1975), IAEA, Vienna, 
pp. 147-150. 

BOUMA, J. (1967), "New variety of spring barley 'Diamant' in Czechoslovakia", Induced Mutations and Their 
Utilization, Proc. Erwin-Bauer-Gedachtnisvorlesungen IV, Gatersleben 1966, Akademie-Verlag, Berlin, pp. 177—82. 

BOURGIN, J.P., NITSCH, J.P. (1967), Obtention de Nicotiana haploi'des a partir d'etamines cultiv6es in vitro, 
Ann. Physiol. Veg. 9, pp. 3 7 7 - 8 2 . 

BOWEN, H.J.M. (1965), "Mutations in horticultural chrysanthemums", The Use of Induced Mutations in Plant 
Breeding (Rep. FAO/IAEA Tech. Meeting Rome 1964), Pergamon Press, Oxford, pp. 695 -700 . 

BOWEN, J.M., CAWSE, P.A. (1962), The effects of deficiencies in essential elements on the radiosensitivity of 
tomato seeds, Radiat. Bot. I, pp. 215—22. 

BOWMAN, J.T. (1969), Parameters of spontaneous and X-ray-induced reversion of the white-ivory mutant of 
Drosophila, Mutat. Res. 7, pp. 4 0 9 - 1 5 . 

225 



BOZZINI, A. (1961), Mutanti cromosomici indotti da radiazioni ionizzanti in grano duro "Cappelli", Atti Assoc. 
Genet. Ital. 6, pp. 365-70 . 

BOZZINI, A., SCARASCIA-MUGNOZZA, G.T. (1967), A dominant short straw mutation induced by thermal 
neutrons in durum wheat, Wheat Information Service, No. 23—24. 

BOZZINI, A., BAGNARA, D., MOSCONI, C., ROSSI, L., SCARASCIA-MUGNOZZA, G.T. (1973), "Trends and 
results of durum wheat mutation breeding at Casaccia", Proc. Symp. Genetics and Breeding of durum Wheat, 
Bari, pp. 339-47 . 

BRENNER, S., BARNETT, L., CRICK, F.C.H., ORGEL, A. (1961), The theory of mutagenesis, J. Mol. Biol. 
3, p. 121. 

BREIDER, H. (1959), Rontgeninduzierte Mutationen bei Vitis, Malus und Cyclamen, Bayer. Landw. 39, pp. 396 -401 . 

BREUNINGER, W. (1941), Die Rettiche der Sortenliste, Obst. Gemusebau 87, pp. 6 2 - 3 . 

BREWBAKER, J.L. (1957), Pollen cytology and self incompatibility systems in plants, J. Hered. 48, pp. 271 - 7 7 . 

BREWBAKER, J.L., EMERY, G.C. (1962), Pollen radiobotany, Radiat. Bot. 1, pp. 101-54 . 

BREWBAKER, J.L., NATARAJAN, A.T. (1960), Centric fragments and pollen part mutation of incompatibility 
alleles in Petunia, Genetics 45, pp. 699-704 . 

BREWBAKER, J.L., ESP1RITU, L„ MAJUMDER, S.K. (1965), Comparative effects of X-ray and UV irradiations 
on pollen germination and growth, Radiat. Bot. 5, pp. 493—500. 

BRIGGS, R.W. (1966a), Recognition and classification of some genetic traits in maize, J. Hered. 57, pp. 35 -42 . 

BRIGGS, R.W. (1966b), "Time and temperature tolerances of maize seeds", Mutations in Plant Breeding (Proc. 
Panel Vienna, 1966), IAEA, Vienna, pp. 3 9 - 4 4 . 

BRIGGS, R.W. (1969), Induction of endosperm mutations in maize with ethyl methanesulfonate, Maize Genet. 
Newslett. 43, pp. 23-31 . 

BRIGGS, R.W. (1970), Further studies on induction of endosperm mutations in maize with ethyl methanesulfonate, 
Maize Genet. Newslett. 44, pp. 11 — 17. 

BRIGGS, R.W. (1971), Studies on induction of cytoplasmic male sterility with ethyl methanesulfonate, Maize 
Genet. Newslett. 45, pp. 13-16. 

BRIGGS, R.W. (1973), Cytoplasmic male sterility research, Maize Genet. Newslett. 47, pp. 3 5 - 3 7 . 

BRIGGS, R.W., SMITH, H.H. (1965), Effects of X-radiation on intracistron recombination at the waxy locus in 
maize, J. Hered. 56, pp. 157—62. 

BRINK, A. (1958), Paramutation at the R locus in maize, Cold Spring Harbor Symp. Quant. Biol. 23, pp. 3 7 9 - 9 1 . 

BRINK, A. (1960), Paramutation and chromosome organization, Q. Rev. Biol. 35, pp. 120-37. 

BRINK, R.A., COOPER, D.C. (1947), The endosperm in seed development, Bot. Rev. 13, p. 423. 

BRINK, A., NILAN, R.A. (1952), The relation between light variegated and medium variegated pericarp in maize, 
Genetics 37, pp. 519-44 . 

BRINK, R.A., STYLES, E.D., AXTELL, J.D. (1968), Paramutation: Directed genetic change, Science 159, 
pp. 161-70. 

BROCK, R.D. (1965), "Induced mutations affecting quantitative characters", The Use of Induced Mutations 
in Plant Breeding (Rep. FAO/IAEA Tech. Meeting Rome, 1964), Pergamon Press, Oxford, pp. 4 4 3 - 5 0 . 

BROCK, R.D. (1966), Second cycle of mutation and selection for quantitative variation in Trifolium subterraneum, 
Radiat. Bot. 6, pp. 357-69 . 

BROCK, R.D. (1967), Quantitative variation in Arabidopsis thaliana induced by ionizing radiation, Radiat. Bot. 
7, pp. 193-203. 

BROCK, R.D. (1971), The role of induced mutations in plant improvement, Radiat. Bot. 11, pp. 181-96 . 

BROCK, R.D., ANDREW, W.D. (1965), X-ray induced variation in Medicago polymorpha var. vulgaris, Aust. J. 
Biol. Sci. 18, pp. 1119-28. 

226 



BROCK, R.D., FRANKLIN, I.R. (1966), The effect of desiccation, storage and radiation intensity on mutation 
rate in tomato pollen, Radiat. Bot. 6, pp. 171—79. 

BROCK, R.D., LATTER, B.D.M. (1961), Radiation-induced quantitative variation in subterraneum clover. Proc. 
3rd Australasian Conf. Radiobiology, Butterworths, London, pp. 205 — 15. 

BROCK, R.D., ROCHFORD, R.R. (1963), Induced mutations in vegetatively propagated species, A.R. of Div. 
of Plant Industry, CSIRO, Canberra 1962-63 , pp. 11 - 1 2. 

BROCK, R.D., SHAW, H.F. (1969), "Responses to a second cycle of mutagenic treatment in Arabidopsis thaliana", 
Induced Mutations in Plants (Proc. Symp. Pullman, 1969), IAEA, Vienna, pp. 4 5 7 - 6 6 . 

BROCK, R.D., SHAW, H.F., CALLEN, D.F. (1972), "Induced variation in quantitatively inherited characters", 
Induced Mutations and Plant Improvement (Proc. Meeting Buenos Aires, 1970), IAEA, Vienna, pp. 317—22. 

BROCK, R.D., ANDREW, W.D., KIRCHNER, R„ CRAWFORD, E.J. (1971), Early flowering mutants of Medicago 
polymorpha var. polymorpha, Aust. J. Agric. Res. 22, pp. 215 -22 . 

BROERTJES, C. (1965), "Mutation breeding research in some vegetatively-propagated plants", The Use of Induced 
Mutations in Plant Breeding (Rep. FAO/IAEA Tech. Meeting Rome, 1964), Pergamon Press, Oxford, pp. 691—94. 

BROERTJES, C. (1966), Mutation breeding of chrysanthemums, Euphytica 15, pp. 156—62. 

BROERTJES, C. (1967a), Progress in mutation breeding, Euratom Bull. 2, pp. 4 5 - 5 1 . 

BROERTJES, C. (1967b), See under Broertjes (1968a). 

BROERTJES, C. (1967c), "Mutation breeding in chrysanthemums". Induced Mutations and Their Utilization, 
Proc. Symp. Erwin-Bauer-Gedachtnisvorlesungen IV, Gatersleben, 1966, Akademie-Verlag, Berlin, p. 357. 

BROERTJES, C. (1968a), "Mutation breeding in vegetatively propagated crops", Mutations in Plant Breeding II 
(Proc. Panel Vienna, 1967), IAEA, Vienna, pp. 59 -62 . 

BROERTJES, C. (1968b), Mutation breeding of Streptocarpus, Euphytica 16(2), pp. 163-67 . 

BROERTJES, C. (1968c) "Mutation breeding of vegetatively propagated crops", Proc. 5th Eucarpia Congress, 
Milan, pp. 139-65. 

BROERTJES, C. (1968d), "Dose rate effects in Saintpaulia", Mutations in Plant Breeding II (Proc. Panel Vienna, 
1967), IAEA, Vienna, 6 3 - 7 1 . 

BROERTJES, C. (1969), "Induced mutations and breeding methods in vegetatively propagated species", Induced 
Mutations in Plants (Proc. Symp. Pullman, 1969), IAEA, Vienna, p. 325. 

BROERTJES, C. (1969a), Mutation breeding of Strectocarpus, Euphytica 18, pp. 333 -39 . 

BROERTJES, C. (1972), "Improvement of vegetatively propagated plants by ionizing radiation", Induced 
Mutations and Plant Improvement (Proc. Meeting Buenos Aires, 1970), IAEA, Vienna, pp. 293 -99 . 

BROERTJES, C. (1972a), Use in plant breeding of acute, chronic or fractionated doses of X-rays or fast neutrons 
as illustrated with leaves of Saintpaulia, Agric. Res. Rep. 77, p. 74. 

BROERTJES, C. (1972b), Mutation breeding of Achimenes, Euphytica 21, pp. 4 8 - 6 3 . 

BROERTJES, C., ALKEMA, H.Y. (1970), "Mutation breeding of flowerbulbs", Proc. 1st Int. Symp. Flowerbulbs, 
Noordwijk/Lisse, 2, pp. 4 0 7 - 1 1 . 

BROERTJES, C., BALLEGO, J.M. (1967), Mutation breeding of Dahlia variabilis, Euphytica 16(2), pp. 171-77. 

BROERTJES, C., LEFFRING, L. (1972), Mutation breeding of Kalanchoe, Euphytica 21, pp. 4 1 5 - 2 5 . 

BROERTJES, C., VERBOOM, H. (1974), Mutation breeding of Alslroemeria, Euphytica 23, pp. 3 9 - 4 4 . 

BROERTJES, C., HACCIUS, B., WEIDLICH, S. (1968), Adventitious bud formation on isolated leaves and its 
significance for mutation breeding, Euphytica 17, pp. 321—44. 

BRONNIMANN, A., FOSSATI, A. (1974), "Tolerance a Septoria nodorum Berk chez le ble: methodes d'infection 
et selection par mutagenese", Induced Mutations for Disease Resistance in Crop Plants (Proc. Meeting Novi Sad, 
1973), IAEA, Vienna, pp. 117-23 . 

227 



BROOKES, P., LAWLEY, P.D. (1961), The reaction of mono and difunctional alkylating agents with nucleic 
acids, Biochem. J. 80, p. 496. 

BROSZIEWICZ, R.K. (1967), "Chemical dosimetry of ionizing radiation", Solid State and Chemical Radiation 
in Medicine and Biology (Proc. Symp. Vienna, 1966), IAEA, Vienna, p. 212. 

BRUHIN, A. (1950), Beitrage zur Zytologie und Genetik schweizerischer Crepis. Arten., Arb. Inst. Allgem. Botan. 
Univ. Zurich, pp. 1 — 101. 

BRUHIN, A. (1951), Ausldsung von Mutationen in ruhenden Samen durch hohe Temperaturen, Naturwissen-
schaften 38, pp. 365 -66 . 

BRUNNER, H., MIKAELSEN, K. (1971), Beeinflussende Faktoren in der mutagenen Wirkung von Athylmethan-
sulfonat auf Gerste, Z. Pflanzenzuecht. 66, pp. 9—36. 

BRUNNER, H„ MIKAELSEN, K., NAGL, K., KONZAK, C.F. (1968), Methodological studies on factors 
influencing the mutagenic effect of DES in barlex, Bodenkultur 19, pp. 336 -45 . 

BRUNS, A. (1954), Die Auslosung von Mutationen durch Rontgenbestrahlung ruhender Samen von Trifolium 
pratense, Angew. Bot. 28, pp. 119-55. 

BUIATTI, M., RAGAZZINI, R., D'AMATO, F. (1965), Somatic mutations in the carnation induced by gamma 
radiation, Radiat. Bot. Suppl. 5, pp. 719—23. 

BUI-DANG-HA, D., MACKENZIE, I.A. (1973), The division of protoplasts from Asparagus officinalis L. and 
their growth and differentiation, Protoplasma 78, pp. 215-21 . 

BURK, L.G. (1970), Green and light-yellow haploid seedlings from anthers of sulphur tobacco, J. Hered. 61, 
p. 279. 

BURK, L.G., GWYNN, G.R., CHAPLIN, J.F. (1972), Diploidized haploids from aseptically cultured anthers of 
Nicotiana tabacum, J. Hered. 63, pp. 355—60. 

BURNHAM, C.R. (1946), A gene for "long" chromosomes in barley, Genetics 31, pp. 212 -13 . 

BURNHAM, C.R. (1962), Discussions in Cytogenetics, Burgess Publications Co., Minneapolis. 

BURNHAM, C.R. (1973), Test for cytoplasmic mutants induced by EMS seed treatment, Maize Genet. Newslett. 
47, p. 11. 

BURNHAM, C.R., WHITE, F.H., LIVERS, R. (1954), Chromosomal interchanges in barley, Cytologia (Tokyo) 
19, pp. 191-202. 

BURTON, G.W. (1974), "Radiation breeding of warm season forage and turf grasses", Polyploidy and Induced 
Mutations in Plant Breeding (Proc. Meeting Bari, 1972), IAEA, Vienna, pp. 35 -39 . 

BURTON, G.W., POWELL, J.B. (1969), "Effect of recurrent thermal-neutron and ethyl methanesulphonate seed 
treatments on general and specific combining ability for pearl millet {Pennisetum typhoides)", Induced Mutations 
in Plants (Proc. Symp. Pullman, 1969), IAEA, Vienna, pp. 4 3 3 - 4 2 . 

BURTON, G.W., POWELL, J.B., HANNA, W.W. (1974), Effect of recurrent mutagen seed treatments on 
mutation frequency and combining ability for forage yield in pearl millet Pennisetum americanum L.K. Schum, 
Radiat. Bot. 14, pp. 323 -35 . 

BURTSCHER, A., CASTA, J. (1967), "Facility for seed irradiation with fast neutrons in swimming pool reactors: 
a design study", Neutron Irradiation of Seeds I, Technical Reports Series No. 76, IAEA, Vienna, pp. 41 —61. 

BUXTON, E.W. (1959), Mechanisms of variation in Fusarium oxysporum in relation to host-parasite interactions, 
Plant Pathol. Probl. Prog. pp. 183-91. 

BUZZAT1-TRAVERSO, A. (1913), On the role of mutation rate in evolution. Proc. 9th Int. Genet. Congr. 
(Bellagio). Caryol. 6 (Suppl.), 4 5 0 - 6 2 . 

BUZZATI-TRAVERSO, A. (1955), Evolutionary changes in components of fitness and other polygenic traits 
in Drosophila melanogaster populations, Hereditas 9, pp. 153—86. 

BUZZATI-TRA VERSO, A.A., SCOSSIROLI, R.E. (1958), "X-ray induced mutations in polygenic systems", 
Peaceful Uses of Atomic Energy (Proc. Conf. Geneva, 1958) 22, UN, New York, pp. 293 -97 . 

CAFFEY, H.R., WELLS, D.G. (1956), Variants observed in wheat and barley as a result of treatments with 
thermal neutrons and X-rays, Proc. Assoc. Southern Agric. Workers 53,66; PBA 27, p. 1356. 

228 



CALDECOTT, R.S. (1955), The effects of X-rays, 2 Me V electrons, thermal neutrons and fast neutrons on 
dormant seeds of barley, Ann. N.Y. Acad. Sci. 59, pp. 514—35. 

CALDECOTT, R.S. (1958), "Post-irradiation modification of injury in barley — Its basic and applied significance", 
Peaceful Uses of Atomic Energy (Proc. Conf. Geneva, 1958) 22, UN, New York, pp. 260 -69 . 

CALDECOTT, R.S. (1961), "Seedling height, oxygen availability, storage and temperature: Their relation to 
radiation-induced genetic and seedling injury in barley", Effects of Ionizing Radiations on Seeds (Proc. Conf. 
Karlsruhe, 1960), IAEA, Vienna, pp. 3 - 2 4 . 

CALDECOTT, R.S., NORTH, D.T. (1961), Factors modifying the radiosensitivity of seeds and the theoretical 
significance of the acute irradiation of successive generations, Symp. Mutation and Plant Breeding (Ithaca, 1960), 
Natl. Acad. Sci. Pub. 891, Washington, D.C., pp. 365 -404 . 

CALDECOTT, R.S., SMITH, L. (1952a), A study of X-ray induced chromosomal aberrations in barley, Cytologia 
(Tokyo) 17, pp. 224-42 . 

CALDECOTT, R.S., SMITH, L. (1952b), The influence of heat treatments on the injury and cytogenetic effects 
of X-rays on barley, Genetics 37, pp. 136—57. 

CALDECOTT, R.S., BEARD, H.H., GARDNER, C.O. (1954), Cytogenetic effects of X-ray and thermal neutron 
irradiation on seeds of barley, Genetics 39, pp. 240—59. 

CALDECOTT, R.S., FROLIK, E.F., MORRIS, R. (1952), A comparison of the effects of X-rays and thermal 
neutrons on dormant seeds of barley, Proc. Natl. Acad. Sci. 38, pp. 804 -09 . 

CALDECOTT, R.S., NORTH, D.T., KAO, F„ HIATT, V.S., TULEEN, N.A. (1965), "Forward mutations in 
Avena and Triticum polyploid series", The Use of Induced Mutations in Plant Breeding (Rep. FAO/IAEA Tech. 
Meeting Rome 1964), Pergamon Press, Oxford, pp. 753—60. 

CALDECOTT, R.S., STEVENS, H., ROBERTS, B.J. (1959), Stem rust resistant variants in irradiated populations. 
Mutations or field hybrids? Agron. J. 51, pp. 401—03. 

CARLSON, P.S. (1970), Induction and isolation of auxotrophic mutants in somatic cell cultures of Nicotiana 
tabacum, Science 168, pp. 4 8 7 - 8 9 . 

CARLSON, P.S. (1973a), The use of protoplasts for genetic research, Proc. Natl. Acad. Sci. USA 70, pp. 598-602 . 

CARLSON, P.S. (1973b), Methionine sulfoximine-resistant mutants of tobacco, Science 180, pp. 1366-68. 

CARLSON, P.S., SMITH, H.H., DEARING, R.D. (1972), Parasexual interspecific plant hybridization, Proc. Natl. 
Acad. Sci. USA 69, pp. 2292-94 . 

CARTER, O., YAMADA, Y., TAKAHASHI, E. (1967), Tissue culture of oats, Nature (London) 214, pp. 1029-30. 

CASARETT, A.P. (1968), Radiation Biology, Prentice-Hall, Englewood Cliffs, New Jersey. 

CASPARI, E. (1948), Cytoplasmic inheritance, Adv. Genet. 2, pp. 1 - 6 6 . 

CASTA, J. (1968a), "Facility for seed irradiation with fast neutrons in TRIGA-type reactors", Neutron Irradiation 
of Seeds II, Technical Reports Series No. 76, IAEA, Vienna, pp. 113—21. 

CASTA, J. (1968b), "Facility for fast-neutron irradiation in thermal columns", Neutron Irradiation of Seeds III, 
Technical Reports Series No. 141, IAEA, Vienna (1972), pp. 105-112. 

CASTLE, W.E. (1951), Variation in the hooded pattern of rats and a new allele of hooded, Genetics 36, pp. 254 -66 . 

CATCHESIDE, D.G. (1945), Effects of ionizing radiations on chromosomes, Biol. Rev. Cambridge, 20, pp. 14-28 . 

CHANDLEY,Ann C. (1968), The effect of X-rays on fermate germ cells of Drosophila melanogaster. III. A 
comparison with heat treatment on crossing over in X-chiomosome, Mutat. Res. 5, pp. 93 — 107. 

CHAPMAN, W.H., LUKE, H.H., WALLACE, A.T., LUNDEN, A.O. (1959), Multiple variation including crown 
rust resistance in irradiated Floriland oats, Agron. J. 51, pp. 163—65. 

CHATTERJEE, N.K., CASPAR, A.L., SINGLETON, W.R. (1965), Genetic effects of ethyl methanesulfonate and 
gamma ray treatment of the proembryo in maize, Genetics 52, pp. 1101 — 11. 

CHEKA, J.S., ROBINSON, E.M., WADE, L., Jr., GRAMLY, W.A. (1971), The UT-AEC Agricultural Research 
Laboratory variable gamma dose rate facility, Health Phys. 20, pp. 339 -43 . 

229 



CHENG, T.Y., SMITH, H.H. (1974), Organogenesis from callus cultures of Hordeum vulgare, Nature (London) 
New Biol. 

CHITTENDEN, R.J. (1927), Cytoplasmic inheritance in flax, J. Hered. 18, pp. 337 -43 . 

CLAPHAM, D. (1971), In vitro development of callus from the pollen of Lolium and Hordeum, Z. Pflanzenzuecht. 
65, pp. 285 -92 . 

CLAPHAM, D. (1973), Haploid Hordeum plants from anthers in vitro, Z. Pflanzenzuecht. 69, pp. 142-55 . 

CLAYTON, G., ROBERSTON, A. (1955), Mutation and quantitative variation, Am. Nat. 89, pp. 151 - 5 8 . 

CLAYTON, G., ROBERTSON, A. (1964), The effects of X-rays on quantitative characters, Genet. Res. 5, 
pp. 4 1 0 - 2 2 . 

CLINE, M.G., SALISBURY, F.B. (1966), Effects of ultraviolet radiation on the leaves of higher plants, Radiat. 
Bot. 6, pp. 151-63. 

COCKING, E.C. (1972), Plant cell protoplasts-isolation and development, Ann. Rev. PI. Physiol. 23, pp. 2 9 - 5 0 . 

COCKING, E.C. (1973), "Plant cell modification: problems and perspectives", Colloq. Intern. C.N.R.S., No. 212, 
Protoplasts et Fusion de Cellules Somatiques Vegetales, Inst. Nat. Res. Agron., Paris, pp. 327 -41 . 

COCKING, E.C., POGNAR, E. (1969), An electron microscopic study of the infection of isolated tomato fruit 
protoplasts by tobacco mosaic virus, J. Gen. Virol. 4, pp. 305 —12. 

COCKS, L. v., Van REDE, C. (1966), Laboratory Handbook for Oil and Fat Analysts, Academic Press, London, 
New York. 

COFFMAN, F.A., MacKEY, ]. (1959), "Hafer (Avena sativa L.)", Handbuch der Pflanzenziichtung II, (Roemei-
Rudorf), Verlag Paul Parey, Berlin-Hamburg, pp. 427-531 . 

COLE, A., HUMPHRY, R.M., DEWEY, W.C. (1963), Low voltage electron beam irradiation of normal and 
5-bromouridine desoxyriboside-treated L-P59 mouse fibroblast cells in vitro, Nature (London) 199, pp. 780—82. 

COLLINS, G.B., LEGG, P.D., KASPERBAUER, M.J. (1972), Chromosome numbers in anther-derived haploid of 
two Nicotiana species, J. Hered. 63, pp. 113 — 18. 

COLLINS, G.B., SADASIVAIAH, R.S. (1972), Meiotic analysis of haploid and doubled haploid forms of 
Nicotiana otophora and N. tabacum, Chromosoma 38, pp. 387—404. 

CONGER, A.D. (1953), The effect of boron enrichment on slow neutron-irradiated tissues, Genetics 38, 
pp. 128-33 . 

CONGER, A.D. (1961), "Biological after-effect and long-lived free radicals in irradiated seeds", Symp. Recovery 
of Cells from Injury, J. Cell. Comp. Phys. (Suppl. l) 58, pp. 2 7 - 3 2 . 

CONGER, A.D. (1963), "Chromosome aberrations and free radicals", Radiation-Induced Chromosome Aberrations 
(S. Wolff, Ed.), Columbia University Press, New York. 

CONGER, B.V. (1972a), Control and modification of seed radiosensitivity, Trans. Am. Soc. Agric. Eng. 15, 
pp. 7 8 0 - 8 4 . 

CONGER, B.V. (1972b), "Contributions of seed meristems to radiobiology", The Dynamics of Meristem Cell 
Populations (Proc. Conf. Rochester, 1971), Plenum Press, New York, pp. 251-70 . 

CONGER, B. V., CARABIA, J. V. (1972), Modification of the effectiveness of fission neutrons versus 60Co gamma-
radiation in barley seeds by oxygen and seed water content, Radiat. Bot. 12, pp.411—20. 

CONGER, B.V., CONSTANTIN, M.J. (1970), Oxygen effect following neutron irradiation of very dry barley 
seeds, Radiat. Bot. 10, pp. 95 -97 . 

CONGER, B.V., CONSTANTIN, M.J. (1974), "The effectiveness of fission neutrons, 14.7-MeV monoenergetic 
neutrons and 6 t o gamma radiation on seedling growth reduction and induction of chlorophyll-deficient mutations 
in barley", Biological Effects of Neutron Irradiation (Proc. Symp. Neuherberg, 1973), IAEA, Vienna, pp. 417—32. 

CONGER, B.V., CONSTANTIN, M.J., BOTTINO, P.J. (1973), Chlorophyll-deficient mutation frequency in 
barley following continuous gamma irradiation throughout one life cycle, Genetics 74, p. 52 (abst.); ms in 
preparation. 

CONGER, B.V., CONSTANTIN, M.J., CARABIA, J.V. (1972), Seed radiosensitivity: Wide range in oxygen-
enhancement ratio after gamma-irradiation of eight species, Int. J. Radiat. Biol. 22, 2 2 5 - 3 5 . 

230 



CONGER, B.V., KILLION, D.D., CONSTANTIN, M.J. (1973) , Effects of fission neutron, beta and gamma 
radiation on seedling growth of dormant and germinating seeds of barley, Radiat. Bot. 13, pp. 173—80. 

CONGER, B.V., KONZAK, C.F., HARLE, J .R. (1969) , A glass manifold vacuum system for controlling atmos-
phere and water content of seeds for irradiation experiments, Radiat. Bot. 9, pp. 4 2 5 - 2 7 . 

CONGER, B.V., NILAN, R.A., KONZAK, C.F. (1968a), Post-irradiation oxygen sensitivity of barley seeds varying 
slightly in water content , Radiat. Bot. 8, pp. 3 1 - 3 6 . 

CONGER, B.V., NILAN, R.A., KONZAK, C.F. (1968b) , Radiobiological damage: A new class identified in 
barley seeds by post-irradiation storage, Science 162, pp. 1 1 4 2 - 4 3 . 

CONGER, A.D., RANDOLPH, M.L., SHEPPARD, C.W., LU1PPOLD, H.J. (1958) , Quantitative relation of RBE 
in Tradescantia and average LET of gamma rays, X-rays and 1.3, 2.5 and 14.1 MeV fast neutrons, Radiat. Res. 
9, pp. 5 2 5 - 4 7 . 

CONGER, B.V., NILAN, R.A., KONZAK, C.F., METTER, S. (1966) , The influence of seed water content on 
the oxygen effect in irradiated barley seeds, Radiat. Bot. 6, pp. 1 2 9 - 4 4 . 

CONGER, B.V., HILEMAN, J.R., NILAN, R.A., KONZAK, C.F. (1971) , The influence of temperature on 
radiation-induced oxygen-dependent and -independent damage in barley seeds, Radiat. Res. 46, pp. 6 0 1 - 1 2 . 

CONSTANTIN, M.J., CONGER, B.V., OSBORNE, T.S. (1970) , Effect of modifying factors on the response of 
rice seeds to gamma-rays and fission neutrons, Radiat. Bot. 10, pp. 539—49. 

CONTIN, M., BIANCHI, A., PATRUNO, S. (1963) , "II fa t tore tempo nella mutagenesi artificale da raggi x nel 
mais", L'energie nucleare in agricoltura, pp. 3 6 3 - 7 5 . 

CORDUAN, G. (1974) , Mutations obtained from anther-derived plants of Hyoscamus niger", Haploids in Higher 
Plants - Advances and Potential, University of Guelph. 

CORMACK, D.V., JOHNS, H.E. (1952) , Electron energies and ion densities in water irradiated with 200 keV, 
1 MeV and 25 MeV radiation, Br. J. Radiol. 25, pp. 3 6 9 - 8 1 . 

COWAN, F.P., MEINHOLD, C.B. (1962) , Radiation dosimetry for Co 6 0 and Cs137 gamma ray field irradiation 
facilities, Radiat. Bot. 2, pp. 2 4 1 - 4 9 . 

COX, C.D. (1972), Organization of higher chromosomes, Nature (London) New Biol. 239, p. 133. 

GUANY, R.L., SPARROW, A.H., JAHN, A.H. (1958a) , "Spontaneous and radiation-induced somatic mutat ion 
rates in Antirrhinum, Petunia, Tradescantia and Lilium ", Proc. 10th Int. Congr. Genetics 2, pp. 62—63. 

CUANY, R.L., SPARROW, A.H., POND, V. (19S8b), Genetic response of Antirrhinum majus to acute and 
chronic plant irradiation, Z. Indukt . Abstamm. VererbLehre 89, pp. 7 - 1 3 . 

CURTIS, H.J., PERSON, S.R., OLESON, F.B., HENKEL, J.E., DELIHAS, N. (1956), Calibrating a neutron 
facility for biological research, Nucleonics 14, pp. 26—29. 

CURTIS, H.J., DELIHAS, N„ CALDECOTT, R.S., KONZAK, C.F. (1958), Modification of radiation damage 
in dormant seeds by storage, Radiat. Res. 8, pp. 5 2 6 - 3 4 . 

DALE, W.M. (1966) , "Direct and indirect effects of ionizing radiation", Encyclopedia of Medical Radiology, II, 
Part 1, Springer-Verlag, Berlin, pp. 1—34. 

DALY, K. (1960) , The induction of quantitative variability by 7-radiation in Arabidopsis thaliana. Genetics 45, p. 983. 

D'AMATO, F. (1959), "Cytological and genetical effects of chemical mutagens", 2nd Congr. European Association 
for Research on Plant Breeding, Cologne, pp. 2 4 8 - 5 3 . 

D'AMATO, F. (1964) , "Cytological and genetic aspects of aging", Genetics Today, Pergamon Press, Oxford , 
pp. 2 8 5 - 9 2 . 

D'AMATO, F., HOFFMANN-OSTENHOF, O. (1956) , Metabolism and spontaneous mutat ions in plants, Adv. 
Genet. 8, pp. 1 - 2 2 . 

D'AMATO, F., MOSCHINI, E., PACINI, L. (1964) , Mutazioni somatiche nel garofano indot te dalla radiazione 
gamma, Caryologia 17, pp. 9 3 - 1 0 1 . 

D'AMATO, F „ SCARASCIA, G.T., BELLIAZI, V., BASSANI, A., CAMBI, S., CEVOLOTTO, P., CIACALONE, P., 
TAGLIATI, S. (1962) , The gamma radiation field of the "Comitato nazionale perl 'energia nucleare" Rome, Radiat. 
Bot. 1, pp. 2 4 3 - 4 6 . 

231 



DANIL'CUK, P. V. (1958), The resistance of Setaria varieties to drought, Selek. Semenov. 23, pp. 6 1 - 6 3 . 

DANKOV, T., KARAPANOVA, Tania (1973), An attempt for induction of mutation of normal cytoplasm into 
sterile cytoplasm by treatment with streptomycin, Maize Genet. Newslett. 47, p. 11. 

DANTUMA, G. (1960), "Enkele ervaringen met de veredeling van tarwa, gerst en haver op lichte gronden", Beretning 
om Landboforeningernes Virksomhed for Planteavlen pa Sjaelland 1959 (THOGERSEN, O., Ed.), pp. 58-61 . 

DARLINGTON, C.D. (1939), Misdivision and genetics of the centromere, J. Genet. 37, pp. 341 -64 . 

DARLINGTON, C.D., LA COUR, L.F. (1945), Chromosome breakage and the nuclei acid cycle, J. Genet. 46, 
pp. 180-267. 

DARLINGTON, C.D., LA COUR, L.F. (1950), Hybridity selection in Campanula, Heredity 4, pp. 217 -48 . 

DARLINGTON, C.D., McLEISH, J. (1951), Action of maleic hydrazide on the cell, Nature (London) 1 6 7 , pp. 4 0 7 - 0 8 . 

DARLINGTON, C.D., UPCOTT, M.B. (1941), Spontaneous chromosome changes, J. Genet. 41, pp. 297-338 . 

DARLINGTON, C.D., WYLIE, A.P. (1953), A dicentric cycle in Narcissus, Heredity 6 (Suppl.), pp. 197-214. 

DAVEY, M.R., COCKING, E.C. (1972), Uptake of bacteria by isolated higher plant protoplasts, Nature (London) 
2 3 9 , pp. 4 5 5 - 5 6 . 

DAVIDSON, D. (1960), "Protection and recovery from ionizing radiation: Mechanisms in seeds and roots", 
Radiation Protection and Recovery, Pergamon Press, New York, pp. 337—50. 

DA VIES, D.R., BATEMAN, J.L. (1963a), A high relative biological efficiency of 650 keV neutrons and 250 kVp 
X-rays in somatic mutation induction, Nature (London) 2 0 0 , pp. 485—86. 

DA VIES, D.R., SPARROW, A.H., WOODLEY, R.G., MASCHKE, A. (1963b), Relative biological efficiency of 
negative p. mesons and cobalt-60 7-rays, Nature (London) 2 0 0 , pp. 277—78. 

DA VIES, D.R., WALL, E.J. (1960), Effect of gamma radiation on interspecific incompatibility within the genus 
Brassica, Z. VererbLehre 9 1 , pp. 45—51. 

DA VIES, D.R., WALL, E.T. (1960), Induced mutations at the locus of Trifolium repens I. Effects of acute, 
chronic and fractionated doses of gamma radiation on induction of somatic mutations, Heredity 15, pp. 1 — 15. 

DA VIES, D.R., WALL, E.T. (1961), Induced mutations at the locus of Trifolium repens II. Reduction below 
the additive base line by fractionated doses of gamma radiation, Genetics 4 6 , pp. 787—98. 

DAVIS, W.H., GREENBLATT, I.M. (1967), Cytoplasmic male sterility in alfalfa, J. Hered. 58, pp. 3 0 1 - 5 . 

DEAN, C.J., FELDSCHREIBER, P., LETT, J.T. (1966), Repair of X-ray damage to the deoxyribonucleic acid 
in Micrococcus radiodurans, Nature (London) 2 0 9 , pp. 4 9 - 5 2 . 

DEBERGH, P., NITSCH, C. (1973), Premiers resultatssur la culture in vitro de grains de pollen isoles chez la tomate, 
C.R.Acad. Sci. Paris, Ser. D 276, pp. 1281-84. 

DECOURTYE, L. (1967), Russet-free sectors on fruits of "Golden Delicious" apple trees after gamma irradiation, 
Proc. Am. Soc. Hort. Sci. 91, pp. 7 3 - 7 8 . 

DEMEREC, M. (1937), Frequency of spontaneous mutations in certain stocks of Drosophila melanogaster. 
Genetics 22, p. 469. 

DEMEREC, M. (1941), "The nature of changes in the white-Notch region of the x-chromosome of Drosophila", 
Proc. 7th int. Gen. Congr. Edinburgh 1939, J. Genet. (Suppl.), pp. 99 -103 . 

DEMEREC, M„ HOOVER, M.E. (1936), Three related X-chromosome deficiencies in Drosophila, J. Heredity 27, 
pp. 206 -12 . 

DERMEN, H. (1967), "Colchiploidy and Cytochimeras in the study of ontogenetic problems", Proc. 17th Int. 
Hort. Congr. II, pp. 3 - 1 4 . 

DEUTSCHE AKADEMIE DER LANDWIRTSCHAFTSWISSENSCHAFTEN ZU BERLIN (1959), Jahrb. 1957/1958, 
p. 541. 

DEVI, S.K., PRASAD, K.N., RILEY, E.F. (1963), Survival and dark-germination of X-irradiated Arabidopsis 
thaliana, race Estland, Radiat. Res. 1 9 , p. 218. 

DEVREUX, M., NETTANCOURT, D. de (1974), "Screening mutations in haploid plants", Haploids in Higher 
Plants-Advances and Potential, University of Guelph. 

232 



DEVREUX, M., SACCARDO, F., BRUNORI, A. (1971), Plantes haploi'des et liques isogeniques de Nicotiana 
tabacum obtenues par cultures d'antheres et de tiges in vitro, Caryologia 24, pp. 141—48. 

DOBSCHuTZ, B.,von STEGER, H., RASCH, D. (1960), Futterkohl als Winterzwischenfrucht und Weidepflanze, 
Zuechter 3 0 , pp. 168-74 . 

DOLL, H. ( 1975), "Genetic studies at high lysine barley mutants", Proc. 3rd Int. Barley Genetics Symp. (in press). 

DOMMERGUES, P. (1962a)", La destinee de la cellule mutee: consequences dans le cas de plantes a multiplication 
vegetative et dans le cas des plantes a reproduction sexuee", Eucarpia, 3rd Congr., pp. 115—39. 

DOMMERGUES, P. (1962b), Mutagenese experimentale, Ann. Amel. PI. 12, pp. 6 7 - 7 8 . 

DOMMERGUES, P., HESLOT, H., GILLOT, J., MARTIN, C. (1966a), "L'induction de mutations chez les rosiers", 
Induced Mutations and their Utilization, Proc. Symp. Erwin-Bauer-Gedachtnisvorlesungen IV, Gatersleben, 1966, 
Akademie-Verlag, Berlin, pp. 319—48. 

DOMMERGUES, P., GILLOT, J., MARTIN, C. (1966b), "Mutagenese chez l'ceillet de semis (Dianthus caryophyllus), 
analyse biochimique des pigments floraux", Induced Mutations and their Utilization, Proc. Symp. Erwin-Bauer-
Gedachtnisvorlesungen IV, Gatersleben, 1966, Akademie-Verlag, Berlin, pp. 3 4 9 - 5 6 . 

DONINI, B., SCARASCIA-MUGNOZZA, G.T. (1968), Genetic effects of chronic gamma irradiation in durum 
wheat, Radiat. Bot. 8, pp. 4 9 - 5 8 . 

DORMLING, I., GUSTAFSSON, A., JUNG, H.R., WETTSTEIN, D. von (1966), Phytotron cultivation of Svalofs 
Bonus barley and its mutant Svalof's Mari, Hereditas 56, pp. 221 -37 . 

DOUGALL, D.K. (1972), "Cultivation of plant cells", Growth, Nutrition and Metabolism of Cells in Culture, 
Academic Press, New York, pp. 371—406. 

DOWN, E.E., ANDERSEN, A.L. (1956), Agronomic use of an X-ray induced mutant, Science 1 2 4 , pp. 223 -24 . 

DOWNEY, R.K., HARVEY, B.L. (1963), Methods of breeding for oil quality in rape, Can. J. PI. Sci. 43, pp. 271-75 . 

DOWNEY, R.K., McGREGOR, D.I. (1975), Breeding for modified fatty acid composition, Curr. Adv. PI. Sci. 1 2 , 
pp. 151-67. 

DOY, C.H., GRESSHOFF, P.M., ROLFE, B.G. (1973a), Biological and molecular evidence for the transgenosis of 
genes from bacteria to plant cells, Proc. Natl. Acad. Sci. USA 70, 723 -26 . 

DOY, C.H., GRESSHOFF, P.M., ROLFE, B.G. (1973b), "Transgenosis of bacterial genes from Escherichia coli 
to cultures of haploid Lycopersicon esculentum and haploid Arabidopsis thaliana plant cells", The Biochemistry 
of Gene Expression in Higher Organisms, Australia and New Zealand Book Co., pp. 21—37. 

DOY, C.H., GRESSHOFF, P.M., ROLFE, B.G. (1973c), Time-course of phenotypic expression of Escherichia 
coli gene Z following transgenosis in haploid Lycopersicon esculentum cells, Nature (London) New Biol. 244, 
pp. 9 0 - 9 1 . 

DRAKE, J.W. (1970), The Molecular Basis of Mutation, Holden-Day Inc. 

DREWS, E. (1965), Die Schleimstoffe des Roggenmehles und ihre Bedeutung fur seine Qualitat, Getreide Mehl 
15, pp. 3 7 - 4 4 . 

DREWS, E. (1966), Der Einfluss des Pentosanfaktors auf das Amylogramm von Roggen und Roggenmehlprodukten, 
Getreide Mehl 16, pp. 8 3 - 8 6 . 

DRISCOLL, C.J. (1972), XYZ system of producing hybrid wheat, Crop Sci. 12, pp. 516-17 . 

DRISCOLL, C.J. (1973), "A chromosomal male-sterility system of producing hybrid wheat", Proc. 4th Int. Wheat 
Genetics Symp., University of Missouri, pp. 669—74. 

DRISCOLL, C.J., JENSEN, N.F. (1964), Characteristics of leaf rust resistance transferred from rye to wheat, 
Crop Sci. 4, pp. 3 7 2 - 7 4 . 

DUBININ, N.P. (1964), Problems of Radiation Genetics, Oliver and Boyd, Edinburgh. 

DULIEU, N. (1967), Sur les differents types de mutations extranucleaires induites par le methane sulfonate d'ethyle 
chez Nicotiana tabacum L., Mutat. Res. 4 , pp. 177—89. 

DUNWELL, J.M., SUNDERLAND, N. (1973), Anther culture of Solanum tuberosum L., Euphytica 22, pp. 317 -23 . 

DURRANT, A. (1958), Environmental conditioning of flax, Nature (London) 1 8 1 , pp. 9 2 8 - 2 9 . 

233 



DURRANT, A. (1959), A new facet of the chromosome theory? New Scient. 6, pp. 293-95 . 

DURRANT, A. (1971), Induction and growth of flax genotrophs, Heredity 27, pp. 277 -98 . 

DURRANT, A. (1972), Studies on reversion of induced plant weight changes in flax by outcrossing, Heredity 
29, pp. 7 1 - 8 1 . 

DURRANT, A., MATHER, K. (1954), Heritable variation in a long inbred line olDrosophila, Genetica 27, pp. 97 -199 . 

DUV1CK, D.N. (1965), Cytoplasmic pollen sterility in corn, Adv. Genet. 13, pp. 1 - 5 6 . 

EAST, E.M. (1935), Genetic reaction in Nicotiana, III. Dominance, Genetics 20, pp. 443—51. 

EDWARDS, J.O. (1954), J. Am. Chem. Soc. 76, p. 1540. 

EDWARDSON, J.R. (1970), Cytoplasmic male sterility, Bot. Rev. 36, pp. 341-420 . 

EDWARDSON, J.R., WARMKE, H.E. (1967), Fertility restoration in cytoplasmic male sterile petunia, J. Hered. 
58, pp. 195-96. 

EHRENBERG, A. (1961), "Research on free radicals in enzyme chemistry and in radiation biology", Free Radicals 
in Biological Systems (BLOIS, M.S., Jr., Ed.), Academic Press, New York, pp. 337 -50 . 

EHRENBERG, A., EHRENBERG, L., LOFROTH, G. (1962), "Radiation-induced paramagnetic centers in plant 
seeds at different oxygen concentrations", Strahleninduzierte Mutagenese, Erwin-Bauer-Gedachtnisvorlesungen 
II. Akademie-Verlag, Berlin, pp. 229 -31 . 

EHRENBERG, L. (1960), Chemical mutagenesis: biochemical and chemical point of view on mechanisms of 
action, Abh. Dt. Akad. Wiss. Berl. (Med)., Chemische Mutagenese. Erwin-Baur-Gedachtnisvorlesungen I, 1959, 
pp. 124-36 . 

EHRENBERG, L. (1971), "Higher plants", Chemical Mutagens, Academic Press, New York, Chap. 13, pp. 3 6 5 - 8 6 . 

EHRENBERG, L., EKMAN, G„ GUSTAFSSON, A., JANSSON, G„ LUNDQVIST, U. (1965), "Variation in 
quantitative and biochemical characters in barley after mutagenic treatments", The Use of Induced Mutations 
in Plant Breeding (Rep. FAO/IAEA Tech. Meeting Rome 1964), Pergamon Press, Oxford, pp. 4 7 7 - 9 0 . 

EHRENBERG, L., GICHNER, T. (1967), On the mutagenic action of N-alkyl-N-nitrosamides in barley, Biol. 
Zbl. 86 (Suppl.), pp. 107-18 . 

EHRENBERG, L., GUSTAFSSON, A. (1957), On the mutagenic action of ethylene oxide and diepoxybutane 
in barley, Hereditas 43, pp. 595-602. 

EHRENBERG, L., GUSTAFSSON, A., LUNDQVIST, U. (1959), The mutagenic effects of ionizing radiations 
and reactive ethylene derivatives in barley, Hereditas 45, pp. 351—68. 

EHRENBERG, L., GUSTAFSSON, A., LUNDQVIST, U. (1961), Viable mutants induced in barley by ionizing 
radiations and chemical mutagens, Hereditas 47, pp. 243—82. 

EHRENBERG, L., GUSTAFSSON, A., WETTSTEIN, D. von (1956), "Studies on the mutation process in plants, 
regularities and intentional control", Proc. Conf. Chromosome, Wageningen, 16—17 April 1956, pp. 1—29. 

EHRENBERG, L., LUNDQVIST, U., AHNSTROM, G. (1958), The mutagenic action of ethylene imine in barley, 
Hereditas 44, pp. 330-36 . 

EHRENBERG, L., LUNDQVIST, U., OSTERMAN, S., SPARRMAN, B. (1966), On the mutagenic action of 
alkanesulfonic esters in barley, Hereditas 56, pp. 277—305. 

EKBERG, I., ERIKSSON, G. (1965), Demonstration of meiosis and pollen mitosis by photomicrographs and the 
distribution of meiotic stages in barley spikes, Hereditas 53, pp. 127—36. 

ELLIOTT, F.C. (1957), X-ray induced translocation of Agropyron stem rust resistance to common wheat, J. Hered. 
48, pp. 7 7 - 8 1 . 

EMERSON, R.A. (1917), Genetical studies on variegated pericarp in maize, Genetics 2, pp. 1—35. 

EMERY, D.A., GREGORY, W.C., LOESCH, P.J. (1964), Breeding value of the X-ray induced macro-mutants. 
I. Variation among normal appearing F2 families segregated from crosses between macro-mutants of peanuts 
(Arachis hypogaea L.), Crop Sci. 4, pp. 8 7 - 9 0 . 

EMERY, D.A., GREGORY, W.C., LOESCH, P.J. (1964-65) , "Breeding value of the radiation-induced macro-
mutant II. Effect of mutant expression and associated backgrounds on selection potential in Arachis hypogaea L.", 

234 



The Use of Induced Mutations in Plant Breeding (Rep. FAO/IAEA Tech. Meeting Rome 1964), Pergamon Press, 
Oxford, pp. 3 3 9 - 5 3 ; Radiat. Res. 5 (Suppl.), 1965, pp. 339 -53 . 

EMMERLING, M.H. (1955), A comparison of X-ray and ultraviolet effects on chromosomes of Zea mays. Genetics 
40, pp. 697-714 . 

ENDRIZZI, J.E., KOHEL, J.R. (1966), Use of telesomes in mapping three chromosomes in cotton, Genetics 54, 
pp. 535-50 . 

ENKEN, V.B. (1966a), "The role of variety in experimental mutagenesis", Experimental Mutagenesis of Agricultural 
Plants and its Application for Plant Breeding, Nauka Moscow, pp. 2 3 - 3 5 . 

ENKEN, V.B. (1966b), "Manifestations in experimental mutagenesis of Vavilov's law on homologous rows in 
hereditary variability", Induced Mutations and Their Utilization, Proc. Symp. Erwin-Bauer-Gedachtnisvorlesungen 
IV, Gatersleben, 1966, Akademie-Verlag, Berlin. 

EPHRUSSI, B. (1953), Nucleo-Cytoplasmic Relations in Microorganisms, Clarendon Press, Oxford. 

ERIKSSON, G. (1965), The size of the mutated sector in barley spikes estimated by means of waxy mutants, 
Hereditas 53, pp. 307 -26 . 

ERIKSSON, G. (1967), "The transmission of induced waxy mutations to the X2 generation", Induced mutation 
in Plant Breeding, Proc. Symp. Erwin-Bauer-Gedachtnisvorlesungen IV, Gatersleben, 1966, Akademie-Verlag, 
Berlin, pp. 59 -63 . 

ERIKSSON, T. (1967a), Cell cultures of Haplopappus gracilis as testing material for radiomimetic compounds, 
Hereditas 57, pp. 127-48. 

ERIKSSON, T. (1967b), Effects of ultraviolet and X-ray radiation on in vitro cultivated cells of Haplopappus 
gracilis, Physiol. PI. 2 0 , pp. 507-18 . 

ESTACION EXPERIMENTAL DE AULA DEI ( 1960-61) , Departamento de Mejora, Ensayos 1960-1961, p. 40. 

ETTER, L.E. (1965), The Science of Ionizing Radiation: Modes of Application, Charles C. Thomas, Springfield, 
III., p. 788. 

EUNUS, A.M., JOHNSON, L.P.V., AKSEL, R. (1962), Inheritance of winter-hardiness in an eighteen-parent 
diallel cross of barley, Can. J. Genet. Cytol. 4, pp. 356—76. 

EVANS, H.J. (1962), Chromosome aberrations induced by ionizing radiations, Int. Rev. Cytol. 13, pp. 221—321. 

EVANS, H.J. (1966), "Repair and recovery from chromosome damage after fractionated X-ray dosage", Genetical 
Aspects of Radiosensitivity: Mechanisms of Repair (Proc. Panel Vienna, 1966), IAEA, Vienna, pp. 31—48. 

FAVRET, E.A. (1959), Mutation research and crop plants in Argentina, Eucarpia, Rep. 2nd Cong. Cologne, 
pp. 6 - 1 0 . 

FAVRET, E. A. (1960a), Somatic mutations of four genes for albinism in barley induced by X-rays and ethyl 
methanesulphonate, Hereditas 46, pp. 622—34. 

FAVRET, E.A. (1960b), Induced mutation for resistance to diseases, Genet. Agrar. 13, pp. 1—26. 

FAVRET, E.A. (1960c), Spontaneous and induced mutations of barley for reaction to mildew, Hereditas 46, 
pp. 20 -28 . 

FAVRET, E.A. (1962), Contributions of radiogenetic to plant breeding, Int. J. Appl. Radiat. Isot. 13, pp. 4 4 5 - 5 3 . 

FAVRET, E.A. (1963), "Genetic effects of single and combined treatment of ionizing radiations and ethyl 
methanesulphonate on barley seeds", 1st Int. Barley Genetics Symp. Wageningen, pp. 68, 81. 

FAVRET, E.A. (1965), "Induced mutations in breeding for disease resistance", The Use of Induced Mutations 
in Plant Breeding (Rep. FAO/IAEA Tech. Meeting Rome, 1964), Pergamon Press, Oxford, pp. 521-36 . 

FAVRET, E.A. (1967a), The genetic basis of plant resistance to pathogens, Cienc. Cult. 19, pp. 179-87 . 

FAVRET, E.A. (1967b), "The host pathogen system and its genetic relationships", Proc. 2nd Barley Genetics 
Symp. Pullman (1969), pp. 4 5 7 - 7 1 . 

FAVRET, E.A. (1971a), "Basic concepts on induced mutagenesis for disease reaction", Mutation Breeding for 
Disease Resistance (Proc. Panel Vienna, 1970). IAEA, Vienna, pp. 55—66. 

235 



FAVRET, E.A. (1971b), "Different categories of mutations for disease reaction in the host organism", Mutation 
Breeding for Disease Resistance (Proc. Panel Vienna, 1970), IAEA, Vienna, pp. 107-16. 

FAVRET, E.A. (1976), "Breeding for disease resistance using induced mutations", Induced Mutations in Cross-
Breeding (Proc. Advisory Group Vienna, 1975), IAEA, Vienna, pp. 95—111. 

FAVRET, E.A., CENOZ, H.P. (1963), Genetic analysis of a mutant resistants to stem rust obtained in wheat, 
Robigo (Castelar) 14, pp. 18-20 . 

FAVRET, E.A., RODRIGUEZ, A.A. (1957), Induction de mutaciones con tratamientos agudos de radiaciones 
gamma de Co 60 en semillas de cebada, Rev. Inv. Agric. 11, pp. 313—16. 

FAVRET, E.A., RYAN, G.S. (1964), Two cytoplasmatic male-sterile mutants induced by X-rays and EMS, Barley 
Newslett. 8, p. 42. 

FAVRET, E.A., RYAN, G.S. (1966), "New useful mutants in plant breeding", Mutations in Plant Breeding (Proc. 
Panel Vienna, 1966), IAEA, Vienna, pp. 4 9 - 6 1 . 

FAVRET, E.A., MANGHERS, L.E., RYAN, G.S., SOLARI, R.M. (1967), "Determination de las causas que originan 
algunas enfermedades fisiogenicas en cereales", Isotopes in Plant Nutrition and Physiology, (Proc. Symp. Vienna, 
1966), IAEA, Vienna, pp. 4 3 9 - 5 2 . 

FENAROLI, L. (1961), Directions of maize-breeding and cultivation on the hot arid countries of the Mediterranean, 
Maydica 6, pp. 131—35. 

FERRARY, R. (1965), "Traitement de zygotes fecondes (Orge) avec une substance mutagene", The Use of Induced 
Mutations in Plant Breeding (Rep. FAO/IAEA Tech. Meeting Rome, 1964), Pergamon Press, Oxford, pp. 2 9 3 - 9 7 . 

FERWERDA, F.P. (1965), "Mutagenic effects of X-rays and ethyl methane sulfonate on potato sprouts", The 
Use of Induced Mutations in Plant Breeding (Rep. FAO/IAEA Tech. Meeting Rome, 1964), Pergamon Press, 
Oxford, pp. 687 -90 . 

FIRBAS, H. (1960), Betrachtungen zu Problemen der Frostresistenzziichtung von Tomaten, Zuechter 30, pp. 1 - 2 . 

FISCHBECK, G. (1974), "Verwendung und Bedeutung von Fremdchromosomen in der Resistenzziichtung bei 
Weizen", Ber. Arbeitstagung 1974 der Arbeitsgemeinschaft der Saatzuchtleiter, Gumpenstein, pp. 85 — 103. 

FISCHBEIN, L., FLAMM, W.G., FALK, H.L. (1970), Chemical Mutagens, Academic Press, New York. 

FLOR, H.H. (1959), Genetic controls of host-parasite interactions in rust diseases, PI. Pathol. Problems and 
Progress, pp. 137—44. 

FOOD AND AGRICULTURE ORGANIZATION (1965), The Use of Mutations in Plant Breeding (Rep. FAO/IAEA 
Tech. Meeting Rome, 1964), Pergamon Press, Oxford. 

FORD, C.E. (1948), Chromosome breakage in nitrogen mustard treated Vicia faba root tip cells, Proc. 8th Int. 
Cong. Genetics, Lund, p. 570. 

FOSTER, G.G., WHITTEN, M.J., PROUT, T., GILLE, R. (1972), Chromosome rearrangements for the control 
of insect pests, Science 176, pp. 875 -80 . 

FREESE, E. (1959), On the molecular explanation of spontaneous and induced mutations, Brookhaven Symp. 
Biol. 12, pp. 6 3 - 7 3 . 

FREESE, E. (1963), in Molecular Genetics, Part I, Academic Press, New York, p. 207. 

FREESE, F.B. (1961), Transitions and transversions induced by depurinating agents, Genetics 47, pp. 540—45. 

FREIFELDER, D. (1965), Mechanism of inactivation of coliphage T7 by X-rays, Proc. Natl. Acad. Sci. USA 
54, p. 128. 

FREISLEBEN, R., LEIN, A. (1942), Uber die Auffindung einer mehltauresistenten Mutante nach Rontgenbe-
strahlung einer anfalligen reinen Linie von Sommergerste, Naturwissenschaften 30, p. 608. 

FREISLEBEN, R., LEIN, A. (1943a), Vorarbeiten zur zuchterischen Auswertung rontgeninduzierter Mutationen. 
I. Die in der Behandlungsgeneration ( X t ) sichtbare Wirkung der Bestrahlung ruhender Gerstenkorner, Z. Pflanzen-
zuecht. 3/4, pp. 232-54 . 

FREISLEBEN, R., LEIN, A. (1943b), Vorarbeiten zur zuchterischen Auswertung rontgeninduzierter Mutationen. 
II. Mutationen des Chlorophyllapparates als Testmutationen fur die mutationsauslosende Wirkung der Bestrahlung 
der Gerste, Z. Pflanzenzuechtung 25, pp. 255—83. 

236 



FREISLEBEN, R., LEIN, A. (1944), Moglichkeiten und praktische Durchfiihrung der Mutationsziichtung, Kiihn-
Archiv 60, pp. 211-25 . 

FREY, K.J. (1955), Agronomic mutations in oats induced by X-ray treatment, Agron. J. 47, pp. 207—10. 

FREY, K.J. (1965), "Mutation breeding for quantitative attributes", The Use of Induced Mutations in Plant 
Breeding (Rep. FAO/IAEA Tech. Meeting Rome, 1964), Pergamon Press, Oxford, pp. 4 6 5 - 7 5 . 

FRICKE, H., HART, E.J. (1966), "Chemical dosimetry", Radiation Dosimetry 2 (ATTIX, F.H., ROESCH, W.C., 
Eds), Academic Press, New York, Chap. 12. 

FROESE-GERTZEN, E.E. (1962), The action of the chemical mutagen, ethyl methanesulfonate, on barley, M. Sc. 
Thesis, Washington State University, pp. 1—72. 

FROESE-GERTZEN, E.E., KONZAK, C.F., FOSTER, R., NILAN, R.A. (1963), Correlation between some chemical 
and biological reactions of ethyl methanesulfonate, Nature (London) 198, pp. 447—48. 

FROESE-GERTZEN, E.E., KONZAK, C.F., NILAN, R.A., HEINER, R.E. (1964), The effect of ethyl methane-
sulfonate on the growth response, chromosome structure and mutation rate in barley, Radiat. Bot. 4, pp. 6 1 - 9 . 

FROIER, K. (1954), Aspects of the agricultural value of certain barley X-ray mutations produced and tested at 
the Swedish Seed Association, Svolof and its branch stations, Acta Agric. Scand. 4, pp. 515—43. 

FROGNER, S., AASTVEIT, K. (1971), Induced mutations in hexaploid wheat, Meld. Nor. Landbrukshoegsk. 
50, 22. 

FRYDENBERG, O., JACOBSEN, P. (1966), The mutation and segregation frequencies in different spike 
categories after chemical treatment of barley seeds, Hereditas 55, pp. 227—48. 

FRYDENBERG, O., SANDFAER, J. (1965), "The vitality, productivity and radiosensitivity of recurrently 
irradiated barley populations", The Use of Induced Mutations in Plant Breeding (Rep. FAO/IAEA Tech. Meeting 
Rome, 1964), Pergamon Press, Oxford, pp. 175—83. 

FUCHS, W.H. (1971), "Physiological and biochemical aspects of resistance to diseases", Mutation Breeding for 
Disease Resistance (Proc. Panel Vienna, 1970), IAEA, Vienna, pp. 5—16. 

FUJI, T. (1960), Mutations in einkorn wheat induced by X-rays. VI. Segregation ratio and viability of several 
chlorophyll mutants, Seiken Jiho II, pp. 12-20. 

FUJI, T. (1962), A comparison of biological effects of acute and chronic irradiation, Rec. Adv. Breed. 4, pp. 51—99. 

FUJI, T. (1965), Effects of 14 MeV neutrons in heterozygous einkorn wheat, Jpn. J. Genet. 40, pp. 209-18 . 

FUJI, T., MATSUMURA, S. (1964), Radiosensitivity in plants. VI. Experiments with aged wheat and rice seeds, 
Seiken Ziho 16, pp. 21—27. 

FUTRELL, M.C., LYLES, W.E., PILGRIM, L. (1961/62), Ascorbic Acid and Cold Hardiness in Oats, Ann. Rep. 
Dept. Agric. in the Province of Alberta for 1961 — 1962. 

FUTSUHARA, Y. (1967), Studies of radiation breeding in the tea plant, Gamma Field Symp. 6, pp. 107-27. 

FUTSUHARA, Y., TORIYAMA, K., TSUNODA, K. (1967), Breeding of a new rice variety "Reimei" by gamma-
ray irradiation, Jpn J. Breed. 17, No. 2, pp. 85 -90 . 

GAHAN, P.B., ANKER, P., STROUN, M. (1973), An autoradiographic study of bacterial DNA in Lycopersicon 
esculentum, Ann. Bot. 37, pp. 681 -85 . 

GAMBORG, O.L., KAO, K.N., MILLER, R.A., FOWKE, L.C., CONSTABEL, F. (1973), "Cell regeneration, 
division and plant development from protoplasts", Colloq. Intern. C.N.R.S., No. 212, Protoplasts et Fusion de 
Cellules Somatiques Vegetales, Inst. Nat. Res. Agron., Paris, pp. 155—61. 

GARDNER, C.O. (1961), An evaluation of effects of mass selection and seed irradiation with thermal neutrons 
on the yield of com, Crop Sci. 1, pp. 241—45. 

GARDNER, C.O. (1968), "Mutation studies involving quantitative traits", Gamma Field Symp. 7, pp. 5 7 - 7 7 . 

GARDNER, C.O. (1969), "Genetic variation in irradiated and control populations of com after ten cycles of 
mass selection for high grain yield", Induced Mutations in Plants (Proc. Symp. Pullman, 1969), IAEA, Vienna, 
pp. 4 6 9 - 7 7 . 

GARLICKA, W. (1959), Preliminary investigations on the anatomy of shattering and shatter-resistant siliquas 
of rape, Hodowla Rosl. Aklim. Nasienn. 5, pp. 233—56. 

237 



GAUL, H. (1954), Uber meiotische Fragmente und Briickenbildung der Bastarde Secale und Triticum X Agropyrum, 
Chromosoma 6, pp. 314 -29 . 

GAUL, H. (1957a), Die Wirkung von Rontgenstrahlen in Verbindung mit C0 2 , Colchicin und Hitze auf Gerste, 
Z. Pflanzenzuecht. 38, pp. 397-429 . 

GAUL, H. (1957b), Zur Frage der ontogenetischen Elimination mutierter Zellen nach Rontgenbestrahlung von 
Samen, Naturwissenschaften 44, p. 566. 

GAUL, H. (1957c), Uber die Bedeutung der Fixierungszeit bei der cytologischen Untersuchung von Sprossspitzen 
nach Rontgenbestrahlung, Naturwissenschaften 44, p. 403. 

GAUL, H. (1958), Uber die gegenseitige Unabhangigkeit der Chromosomen- und Punktmutationeri, Z. Pflanzen-
zuecht. 40, pp. 151-88. 

GAUL, H. (1959a), "Determination of the suitable radiation dose in mutation experiments", Proc. 2nd Congr. 
European Association for Research on Plant Breeding, Cologne, 1959, pp. 65—69. 

GAUL, H. (1959b), Uber die Chimarenbildung in Gerstenpflanzen nach Rontgenbestrahlung von Samen, Flora 
147, pp. 207-41 . 

GAUL, H. (1960), "Critical analysis of the methods for determining the mutation frequency after seed treatment 
with mutagens", Atti VI. Congr. Ann. Soc. Ital. Genet. Agrar. 1959, Genet. Agrar. 12, pp. 297-318 . 

GAUL, H. (1961a), "Studies on diplontic selection after X-radiation of barley seeds", Effects of Ionizing Radiations 
on Seeds (Proc. Conf. Karlsruhe, 1960), IAEA, Vienna, pp. 117-38. 

GAUL, H. (1961 b), "Use of induced mutations in seed-propagated species", Mutation and Plant Breeding, Nat. 
Acad. Sci., Nat. Res. Council, USA, pp. 206 -52 . 

GAUL, H. (1962), Ungewohnlich hohe Mutationsraten bei Gerste nach Anwendung von Athylmethansulfonat 
und Rontgenstrahlen, Naturwissenschaften 49, p. 431. 

GAUL, H. (1963), Mutationen in der Pflanzenziichtung, Z. Pflanzenzuecht. 50, pp. 194-307. 

GAUL, H. (1964a), Mutations in plant breeding, Radiat. Bot. 4, No. 3, pp. 155-232. 

GAUL, H. (1965a), "Selection in M| generation after mutagenic treatment of barley seeds", Induction of Mutations 
and the Mutation Process (Proc. Symp. Prague, 1963), pp. 6 2 - 7 2 . 

GAUL, H. (1965b), "The concept of macro- and micro-mutations and results on induced micro-mutations in barley", 
The Use of Induced Mutations in Plant Breeding (Rep. FAO/IAEA Tech. Meeting Rome, 1964), Pergamon Press, 
Oxford, pp. 408 -26 . 

GAUL, H. (1966), Ziichterische Bedeutung von Kleinmutationen. I. Durch Rontgenstrahlen induzierte Variabilitat 
von Kornertrag, Korngrosse und Vegetationslange bei der Gerste Haisa II, Z. Pflanzenzuecht. 55, pp. 1—20. 

GAUL, H. (1967), "Studies on populations of micro-mutants in barley and wheat without and with selection", 
Induced Mutations and Their Utilization, Proc. Symp. Erwin-Bauer-Gedachtnisvorlesungen IV, Gatersleben, 
1966, Akademie-Verlag, Berlin, pp. 269 -81 . 

GAUL, H., AASTVEIT, K. (1966), Induced variability of culm length in different genotypes of nexafloid wheat 
following X-irradiation and EMS-Treatment, Savremena Poljopr. 14, pp. 253—76. 

GAUL, H., LIND, V. (1976), "Variation of the pleitropy effect in a changed genetic background, demonstrated 
with barley mutants", Induced Mutations and Cross-Breeding (Proc. Advisory Group Vienna, 1975), IAEA, Vienna, 
pp. 55 -69 . 

GAUL, H., MITTELSTENSCHEID, L. (1960), Hinweise zur Herstellung von Mutationen durch ionisierende 
Strahlen in der Pflanzenziichtung, Z. Pflanzenzuecht. 43, pp. 404—22. 

GAUL, H., MITTELSTENSCHEID, L. (1961), Untersuchungen zur Selektion von Kleinmutationen bei Gerste, 
Z. Pflanzenzuecht. 45, pp. 300-14 . 

GAUL, H., GRUNEWALDT, J., HESEMAN, C.U. (1968), "Variation of character expression of barley mutants 
in a changed genetic background", Mutations in Plant Breeding II (Proc. Panel Vienna, 1967), IAEA, Vienna, p. 77. 

GAUL, H., BENDER, K., ULONSKA, E., SATO, M. (1966), "EMS-induced genetic variability in barley; the 
problem of EMS-induced sterility; and a method to increase the efficiency of EMS treatment", Mutations in 
Plant Breeding (Proc. Panel Vienna, 1966), IAEA, Vienna, pp. 249 -52 . 

238 



GAUL, H„ FRIMMEL, G„ GICHNER, T., ULONSKA, E. (1972), "Efficiency of mutagenesis", Induced Mutations 
and Plant Improvement (Proc. Meeting Buenos Aires, 1970), IAEA, Vienna, pp. 121-39 . 

GAUL, H„ ULONSKA, E„ WINKEL, C. zum, BRAKER, G. (1969), "Micro-mutations influencing yield in barley -
studies over nine generations", Induced Mutations in Plants (Proc. Symp. Pullman, 1969), IAEA, Vienna, pp. 375—98. 

GELIN, O.E.V. (1955), Studies on the X-ray mutation Stral-pea, Agri Hort. Genet. 13, pp. 183-93 . 

GELIN, O. (1956), The meiotic response to the mitotic disturbances in X-rayed barley, Agri Hort. Genet. 1 4 , 
pp. 107-26 . 

GELIN, O. (1960), Experimental mutation in Pisum, Genet. Agrar. 13, pp. 6 7 - 7 8 . 

GELIN, O., EHRENBERG, L., BLIXT, S. (1958), Genetically conditioned influences on radiation sensitivity in 
peas, Agri. Hort. Genet. 16, pp. 78 -102 . 

GENGENBACH, B., KOEPPE, D.E., MILLER, R.J. (1973), A comparison of mitochondria isolated from male-
sterile and non-sterile cytoplasm etiolated corn seedlings, Physiol. PI. 29, pp. 103-7 . 

GENKEL, P.A., MOROZOVA, R.S., PRONINA, N.D. (1962), The synthetic ability of drought-hardened tomato 
plants, Physiol. PI. 9, pp. 8 0 - 8 5 . 

GEORGE, L., NARAYANASWAMY, S. (1973), Haploid Capsicum through experimental androgenesis, Planta 
78, pp. 4 6 7 - 7 0 . 

GICHNER, T., EHRENBERG, L. (1967), The influence of post-treatment storage on the frequency of EMS-
induced chromosomal aberrations in barley, Biol. Plant. Acad. Sci. Bohemoslov. 8, pp. 256—59. 

GICHNER, T., GAUL, H., OMURA, T. (1968), The influence of post-treatment washing and redrying of barley 
seeds on the mutagenic activity of N-methyl-N-nitroso-urea and N-ethyl-N-nitroso-urea. Radiat. Bot. 8, pp. 499—507. 

GILES, K.L. (1973), "Attempts to demonstrate genetic complementation by the technique of protoplast fusion", 
Colloq. Intern. C.N.R.S., No. 212, Protoplasts et Fusion de Cellules Somatiques Vegetales, Inst.Natl. Res. Agron., 
Paris, pp. 4 8 5 - 9 5 . 

GILES, N.H. (1940), Spontaneous chromosome aberrations in Tradescantia, Genetics 25, pp. 69—87. 

GILES, N.H. (1941), Spontaneous chromosome aberrations in triploid Tradescantia hybrids, Genetics 26, 
pp. 632 -49 . 

GINOZA, W. (1963), Radiosensitive molecular weight of single-stranded virus nucleic acids, Nature (London) 
199, pp. 4 5 3 - 5 6 . 

1 
GLADSTONS, J.S., FRANCIS, C.M. (1965), Studies on the use of mutagenic agents in plant breeding. II. The 
effect of dose and seed moisture content on mutation production in Lupinus augustifolius by X-rays, Austral. 
J. Agric. Res. 1 6 , pp. 301 -10 . 

GLASSER, O., QUIMBY, E.H., TAYLOR, L.S., WEATHERWAX, J.L., MORGAN, R.H. (1961), Physical Foundations 
of Radiology, 3rd ed., Paul B. Hoeber, New York, p. 503. 

GLUBRECHT, H. (1965), "Mode of action of incorporated nuclides (comparison of external and internal irradiation)", 
The Use of Induced Mutations in Plant Breeding (Rep. FAO/IAEA Tech. Meeting Rome, 1964), Pergamon Press, 
Oxford, 1965, pp. 91 -99 . 

GLUBRECHT, H., HAM ANN, H.J. (1968), "Investigations on the energy dependence of the biological action of 
fast neutrons", Neutron Irradiation of Seeds, II, Technical Reports Series No. 92, IAEA, Vienna, pp. 131—36. 

GOERING, K.J., BRELSFORD, D.L. (1965), Barley starch II. Some properties of barley starch, Cereal Chem. 
42, pp. 15-24 . 

GOGOROV, L.J. (1937), Erbsen, (VAVILOV, N.L., WULFF, E.V., Eds), Flora of cultivated plants 4, Grain 
Leguminosae, pp. 231-336 . 

GOLDRING, E.S., GROSSMAN, L.I., KRUPNICK, D„ CRYER, D.R., MARMUR, J. (1970), The petite mutation in 
yeast, J. Mol. Biol. 5 2 , pp. 323 -35 . 

GOLDSCHMIDT, V. (1928), Vererbungsversuche mit den biologischen Arten des Antherenbrandes ((/. violaceaj 
Em Beitrag zur Frage der parasitaren Spezialisierung, Bot. Zbl. 21, p. 1. 

GOLDSTEIN, R., OKADA, S. (1972), Further studies of radiation - induced interphase death of cultured 
mammalian cells, Radiat. Res. 5 1 , p. 685. 

239 



GONZALEZ, C., FREY, K. (1965), Genetic variability in quantitative characters induced by thermal neutron 
treatment of diploid, tetraploid and hexaploid oat seeds, Radiat. Bot. 5, pp. 321—35. 

GOODMAN, L.J. (1972), "Neutron dosimetry at the Radiological Research Accelerator Facility", Proc. Symp. 
Neutron Dosimetry in Biology and Medicine, Neuherberg/Miinchen, pp. 177—210. 

GORDEEVA, N.G. (1960), "A comparative physiological evaluation of melon ecotypes for heat resistance", 
Symp. Wk. Post-grad. Jun. Sci. Wkr. Inst. PI. Industr. No. 1, 1960, pp. 2 3 3 - 3 8 (PBA 33 (1963/64) no. 5239). 

GOTTSCHALK, W. (1960), Uber ziichterisch verwendbare strahleninduzierte Mutanten von Pisum sativum, 
Zuechter 30, pp. 33 -42 . 

GOTTSCHALK, W. (1964), Untersuchungen liber die Abgrenzung von Pleiotropie und absoluter Koppelung, 
Z. VererbLehre 95, pp. 17-24 . 

GOTTSCHALK, W. (1966), "The yield capacity of useful mutants. A critical review of a collection of mutant type 
of Pisum", Mutations in Plant Breeding (Proc. Panel Vienna, 1966), IAEA, Vienna, pp. 85 -101 . 

GOTTSCHALK, W. (1967), "The use of mutation research for interpreting evolutionary alterations in the 
Leguminosae", Induced Mutations and Their Utilization, Proc. Symp. Erwin-Bauer-Gedachtnisvorlesungen IV, 
Gatersleben, 1966, Akademie-Verlag, Berlin, pp. 139—46. 

GOTTSCHALK, W. (1968), "Simultaneous mutation of closely linked genes. A contribution to the interpretation 
of "pleiotropic" gene action", Mutations in Plant Breeding II (Proc. Panel Vienna, 1967), IAEA, Vienna, pp. 97—109. 

GOTTSCHALK, W. (1970), The productivity of some mutants of the pea (Pisum sativum L.) and their hybrids. 
A contribution to the heterosis problem in self-fertilizing species, Euphytica 19, pp. 91—96. 

GOTTSCHALK, W. (1971), Die Bedeutung der Genmutationen fur die Evolution der Pflanzen, Fischer Verlag, Stuttgart. 

GOTTSCHALK, W. (1976), "Adaptability of mutants to diverse natural environmental conditions" and "Pleitropy 
and close linkage of mutated genes: New examples of mutations of closely linked genes", Induced Mutations in 
Cross-Breeding (Proc. Advisory Group Vienna, 1975), IAEA, Vienna, 37—44 and 71 — 78. 

GOTTSCHALK, W., JAHN, A. (1964), Cytogenetische Untersuchungen an desynaptischen und mannlichsterilen 
Mutanten von Pisum, Z. VererbLehre 95, pp. 150-60. 

GOTTSCHALK, W., MILUTINOVIC, V. (1973), Untersuchungen zur Heterosis bei Selbstbefruchtern. II. Die 
Samenproduktion und andere Leistungsmerkmale von Bastarden verschiedener f/sum-Mutanten in Vergleich zu 
den elterlichen Genotypen, Genetika 5, pp. 117—34. 

GOTTSCHALK, W., SCHEIBE, A. (1960), Untersuchungen an rontgeninduzierten Mutanten von Pisum sativum, 
Z. Pflanzenzuecht. 42, pp. 313 -38 . 

GOUD, J.V. (1967), Induced polygenic mutations in hexaploid wheats, Radiat. Bot. 7, pp.321—31. ' 

GRAMBOW, H. J., KAO, K.N., MILLER, R.A., GAMBORG, O.L. (1972), Cell division and plant development 
from protoplasts of carrot cell suspension cultures, Planta 103, pp. 348—55. 

GRAY, L.H. (1954), Some characteristics of biological damage induced by ionizing radiations, Radiat. Res. I, 
pp. 189-214. 

GREGORY, W.C. (1955), X-ray breeding of peanuts (Arachis hypogaea L.), Agron. J. 47, pp. 396 -99 . 

GREGORY, W.C. (1956a), "The comparative effect of radiation and hybridization in plant breeding", Peaceful 
Uses of Atomic Energy (Proc. Conf. Geneva, 1956) 12, UN, New York, pp. 4 8 - 5 1 . 

GREGORY, W.C. (1956b), "Induction of useful mutations in the peanut", Genetics in Plant Breeding, Proc. 
Brookhaven Symp. Biology 9, pp. 177-90. 

GREGORY, W.C. (1957), "Progress in establishing the effectiveness of radiation in breeding peanuts, — Radiation 
in plant breeding", Proc. 9th Oak Ridge Reg. Symp., pp. 36—48. 

GREGORY, W.C. (1960), The peanut NC4x, a milestone in crop breeding, Crops Soils 12(8), pp. 12-13 . 

GREGORY, W.C. (1961), "The efficiency of mutation breeding", Mutation and Plant Breeding, US Nat. Acad. 
Sci. - Nat. Res. Council Pub. No. 891, pp. 4 6 1 - 8 6 . 

GREGORY, W.C. (1965), "Mutation frequency, magnitude of change and the probability of improvement in 
adaptation", The Use of Induced Mutations in Plant Breeding (Rep. FAO/IAEA Tech. Meeting Rome, 1964), 
Pergamon Press, Oxford, pp. 4 2 9 - 4 1 . 

240 



GREGORY, W.C. (1968), A radiation breeding experiment with peanuts, Radiat. Bot. 8(2), pp. 81 -147 . 

GRESSHOFF, P.M., DOY, C.H. (1972a), Development and differentiation of haploid Lycopersicon esculentum 
(tomato), Planta 1 0 7 , pp. 161-70 . 

GRESSHOFF, P.M., DOY, C.H. (1972b), Haploid Arabidopsis thaliana callus and plants from anther culture, 
Aust. J. Biol. Sci. 25, pp. 259 -64 . 

GROBER, K. (1967), "Some results of mutation experiments in apples and black currants", Induced Mutations 
and Their Utilization, Proc. Symp. Erwin-Bauer-Gedachtnisvorlesungen IV, Gatersleben, 1966, Akademie-Verlag, 
Berlin, pp. 377 -82 . 

GROTE, S.J., REVELL, S.H. (1972), Correlation of chromosome damage and colony-forming ability in Syrian 
hamster cells in culture irradiated in Gj , Curr. Top. Radiat. Res. 7, pp. 303 -9 . 

GUHA, S., MAHESHWARI, S.C. (1964), In vitro production of embryos from anthers of Datura, Nature (London) 
204, p. 497. 

GUHA, S., MAHESHWARI, S.C. (1966), Cell division and differentiation of embryos in pollen grains of Datura 
in vitro, Nature (London) 212, pp. 9 7 - 9 8 . 

GUHA, S., MAHESHWARI, S.C. (1967), Development of embryoids from pollen grains of Datura in vitro, 
Phytomorphology 1 7 , pp.454—61. 

GUHA, S., IYER, R.D., CEUPTA, N., SWAMINATHAN, M.S. (1970), Totipotency of genetic cells and the 
production of haploids in rice, Curr. Sci. 8, pp. 174—76. 

GUPTA, M.N. (1966), "Induction of somatic mutations in some ornamental plants", Proc. All India Symp. Hort., 
pp. 107-14. 

GUPTA, A.K., SWAMINATHAN, M.S. (1967), Induced variability and selection advance for branching in auto-
tetraploids of Brassica campestris var toria, Radiat. Bot. 7. 

GUSTAFSSON, A. (1937), The different stability of chromosomes and the nature of mitosis, Hereditas 22, 
pp. 281-335 . 

o 
GUSTAFSSON, A. (1938), Studies on the genetic basis of chlorophyll formation and the mechanism of induced 
mutation, Hereditas 24, pp. 3 3 - 9 3 . 

GUSTAFSSON, A. (1940), The mutation system in the chlorophyll apparatus, Lunds Univ. Arskr. 36, pp. 1 - 4 0 . 

GUSTAFSSON, A. (1941a), Mutation experiments in barley, Hereditas 27, pp. 225 -42 . 

GUSTAFSSON, A. (1941b), Preliminary yield experiments with ten induced mutations in barley, Hereditas 27, 
pp. 337 -59 . 

o 

GUSTAFSSON, A. (1944), The X-ray resistance of dormant seeds in some agricultural plants, Hereditas 30, 
pp. 165-78. 
GUSTAFSSON, A. (1947), Mutation in agricultural plants, Hereditas 33, pp. 1 - 1 0 0 . 

o 
GUSTAFSSON, A. (1951), Induction of changes in genes and chromosomes. II. Mutations, environment and 
evolution, Cold Spring Harbour Symp. Quant. Biol. 16, pp. 263—81. 

GUSTAFSSON, A. (1954), Mutation, viability and population structure, Acta Agric. Scand. IV, pp. 601 -32 . 

GUSTAFSSON, A. (1960), Chemical mutagenesis in higher plants, Abh. Dtsch. Akad. Wiss. Berl. (Med.), Chemische 
Mutagenese, Erwin-Baur-Gedachtnisvorlesungen 1, 1959, pp. 16-29 . 

o 
GUSTAFSSON, A. (1963), Productive mutations induced in barley by ionizing radiations and chemical mutagens, 
Hereditas 50, pp. 211 -63 . 

o 
GUSTAFSSON, A. (1965), "Characteristics and rates of high-productive mutants in diploid barley", The Use of 
Induced Mutations in Plant Breeding (Rep. FAO/IAEA Tech. Meeting Rome, 1964), Pergamon Press, Oxford, 
pp. 323-37 . 

GUSTAFSSON, A., GADD, I. (1965a), Mutations and crop improvement II. The genus Lupinus, Hereditas 53, 
pp. 15-39 . 

GUSTAFSSON, A., GADD, I. (1965b), Mutations and crop improvement. III. Ipomoea batatas, (L) Poir. 
(Convolvulaceae), Hereditas 53, pp. 7 7 - 8 9 . 

241 



o 
GUSTAFSSON, A., GADD, I. (1965c), Mutation and crop improvement. VI. Poa pratensis L. (Gramineae). 
Hereditas 53, pp. 90 -102 . 

GUSTAFSSON, A., GADD, I. (1966), Mutations and crop improvement Vll. The genus Oryza L. (Graminaea), 
Hereditas 55, pp. 273-357. 

GUSTAFSSON, A., LUNDQVIST, Udda (1976), "Controlled environment and short-day tolerance in barley 
mutants", Induced Mutations in Cross-Breeding (Proc. Advisory Group Vienna, 1975), IAEA, Vienna, pp. 4 5 - 5 3 . 

GUSTAFSSON, A., TEDIN, J. (1954), Plant breeding and mutation, Acta Agric. Scand. IV., pp. 633 -39 . 

GUSTAFSSON, A., WETTSTEIN, D. von (1958), "Mutationen und Mutationszuchtung", Handbuch der Pflanzen-
ziichtung 1 (Roemer-Rudorf), Verlag Paul Parey, Hamburg-Berlin, pp. 612—99. 

GUSTAFSSON, A., DORMLING, I., EKMANN, G. (1973), Phytotron ecology of mutant genes. III. Growth 
reactions of two quantitative traits in barley, Hereditas 75, pp. 75 -82 . 

GUSTAFSSON, A., EHRENBERG, L., BRUNNBERG, M. (1950), The effects of electrons, positrons and alpha 
particles in plant development, Hereditas 36, pp. 419—44. 

GUSTAFSSON, A., HAGBERG, A., LUNDQVIST, U. (1960), The induction of early mutants in Bonus barley, 
Hereditas 46, pp. 675 -99 . 

GUSTAFSSON, A., LUNDQVIST, U., EKBERG, I. (1966), "The viability reaction of gene mutations and 
chromosome translocations in comparison", Mutations in Plant Breeding (Proc. Panel Vienna, 1966), IAEA, 
Vienna, pp. 103-07. 

GUSTAFSSON, A., LUNDQVIST, U., EKBERG, I. (1967), Yield reactions and rates of origin of chromosome 
mutations in barley, Hereditas 56, pp. 200—06. 

HACKBARTH, J., TROLL, H.J. (1959), "Lupinen als Komerleguminosen und Futterpflanzen", Handbuch der 
Pflanzenziichtung IV (Roemer-Rudorf), Verlag Paul Parey, Berlin-Hamburg, pp. 1—51. 

HADLEY, H.H. (1960), A genetic method for producing seedless hybrid broomcorn, Agron. J. 52, pp. 610—11. 

HADORN, E. (1955), Letalfaktoren, Georg Thieme Verlag, Stuttgart. 

HAGBERG, A. (1953), Heterozygosity in erectoides mutations in barley, Hereditas 39, pp. 161-78. 

HAGBERG, A. (1959), "Barley mutations used as a model for the application of cytogenetics and other sciences 
in plant breeding", 2nd Cong. Eucarpia, Cologne, pp. 235—47. 

HAGBERG, A. (1962), Production of duplications in barley breeding, Hereditas 48, pp. 243 -46 . 

HAGBERG, A. (1965), "Use of induced translocations in directed production of duplications", The Use of 
Induced Mutations in Plant Breeding (Rep. FAO/IAEA Tech. Meeting Rome, 1964), Pergamon Press, Oxford, 
pp. 741 -52 . 

HAGBERG, A. (1966), "Induced structural mutations in barley, especially translocations and their use in further 
directed production of variation", Mutations in Plant Breeding (Proc. Panel Vienna, 1966), IAEA, Vienna, pp. 109—16. 

HAGBERG, A., AKERBERG, E. (1962), Use of Polyploidy in Plant Breeding, Svenska Bokforlaget, Stockholm. 

HAGBERG, A., GUSTAFSSON, A., EHRENBERG, L. (1958), Sparsely contra densely ionizing radiations and the 
origin of erectoid mutations in barley, Hereditas 44, pp. 523—30. 

HAGBERG, A., HAGBERG, G. (1968), "Induced translocations in barley", Mutations in Plant Breeding II (Proc. 
Panel Vienna, 1967), IAEA, Vienna, pp. 129-37. 

HAGBERG, A., PERSSON, G., HAGBERG, G. (1972), "Utilization of induced chromosomal aberrations, trans-
locations, duplications and trisomies in barley", Induced Mutations and Plant Improvement (Proc. Meeting Buenos 
Aires, 1970), IAEA, Vienna, pp. 173-82 . 

HAGBERG, A., PERSSON, G., WIBERG, A. (1963), "Induced mutations in the improvement of self-pollinating 
crops", Recent Plant Breeding Research Svalof 1946-1961, Almquist and Wiksel, Stockholm, pp. 105-24 . 

HAGEMANN, R. (1958), Somatische Konversion bei Lycopersicon esculentum Mill.Z. VererbLehre 89, pp. 587—613. 

HAGEMANN, R. (1969), Somatic conversion (paramutation) at the sulfurea locus of Lycopersicon esculentum 
Mill. III. Studies with trisomies. Appendix: Characteristics of allele-induced heritable changes in eukaryotic 
organisms (paramutation, somatic conversion), Can. J. Genet. Cytol. II, pp. 346 -58 . 

242 



HAGEMANN, R., SCHOLZ, F. (1962), Ein Fall geninduzierter Mutationen des Plasmotypus bei Gerste, Zuechter 
32, pp. 50 -59 . 

HAGEMANN, R., SNOAD, B. (1971), Paramutation (somatic conversion) at the sulfurea locus of Lycopersicon 
esculentum. V. The localization of sulf. Heredity 27, pp. 409— 18. 

HAIR, J.B. (1953), The origin of new chromosomes in Agropyron, Heredity 6, pp. 215—33. 

HALLQVIST, C. (1926), Koppelungen und synthetische Letalitat bei den Chlorophyllfaktoren der Gerste, 
Hereditas 7, pp. 229 -54 . 

HANSEL, H. (1966), "Induction of mutations in barley: Some practical and theoretical results", Mutation in 
Plant Breeding (Proc. Panel Vienna, 1966), IAEA, Vienna, pp. 117-38. 

HANSEL, H. (1967), "Model for a theoretical estimate of optimal mutation rates per M!-nucleus with a view 
to selecting beneficial mutations in different M-generation", Induced Mutations and Their Utilization, Proc. 
Erwin-Bauer-Gedachtnisvorlesungen IV. Gatersleben, 1966, Akademie-Verlag, Berlin, pp. 79—87. 

HANSEL, H. (1971), "Experience with a mildew-resistant mutant (Mut. 3502) of 'Vollkorn' barley induced in 
1952", Mutation Breeding for Disease Resistance (Proc. Panel Vienna, 1970), IAEA, Vienna, pp. 125-29. 

HANSEL, H., ROSS, J.G., HUANG, C.C. (1963), Irradiation-induced mutations in a colchicine-reactive genotype 
in sorghum, Crop Sci. 3, pp. 242-45 . 

HANSEL, H„ ZAKOVSKY, J. (1956), Rbntgen-induzierte Mutanten der Vollkomgerste. I. Bestrahlung und 
Auslese auf Mehltauresistenz, Bodenkultur 9, pp. 50—64. 

HANSEL, H., SIMON, W., EHRENDORFER, K. (1972), "Mutation breeding for yield and kernel performance in 
spring barley", Induced Mutations and Plant Improvement (Proc. Meeting Buenos Aires, 1970), IAEA, Vienna, pp. 221—35. 

HANSON, A.A., JUSKA, F.V. (1959), A "progressive" mutation induced in Poa pratensis L. by ionizing radiation, 
Nature (London) 184(13), pp. 1000-1 . 

HAQ, M.S., RAHMAN, M.M., MANSUR, A., ISLAM, R. (1971), "Breeding for early, high-yielding and disease-
resistant rice varieties through induced mutations", Rice Breeding with Induced Mutations III, Technical Reports 
Series No. 131, IAEA, Vienna,.pp. 35—46. 

HARDESTY, B.A., MITCHELL, H.K. (1963), The accumulation of free fatty acids in poky, a maternally inherited 
mutant of Neurospora crassa, Arch. Biochem. Biophys. 100, pp. 819—26. 

HARLAN, J.R. (1956), "Distribution and utilization of natural variability in cultivated plants", Genetics in Plant 
Breeding, Proc. 9th Brookhaven Symp. Biology, pp. 191 — 208. 

HARLE, J.R. (1965), RBE of 14 MeV neutrons in dry barley seeds, Radiat. Bot. 5, pp. 4 1 7 - 2 2 . 

HART, R.G. (1968), A model of the chromosome, Adv. Biol. Med. Phys. 12, pp. 139-61. 

HARTEN, A.M. van, BOUTER, H., OMMEREN, A. van (1972), Preventing chimerism in potato (Solanum tuberosum 
L.), Euphytica 21, pp. 11—21. 

HARTWIG, E.E. (1969), "Breeding soy beans for high protein content and quality", New Approaches to Breeding 
for Improved Plant Protein (Proc. Panel Rostanga, 1968), IAEA, Vienna, pp. 6 7 - 7 0 . 

HARVEY, P.H., LEVINGS, C.S., III, WERNSMAN, E.A. (1972), The role of extrachromosomal inheritance in 
plant breeding, Adv. Agron. 24, pp. 1 — 27. 

HASKINS, F.A., TISSIERES, A., MITCHELL, H.K., MITCHELL, M.B. (1953), Cytochromes and the succinic 
acid oxidase system of poky strains of Neurospora, J. Biol. Chem. 200, pp. 819—26. 

HAYMAN, B.I. (1954), The analysis of variance of diallele tables, Biometrics 10, pp. 2 3 5 - 4 4 . 

HAYMAN, B.I. (1958), The theory and analysis of diallele crosses. II, Genetics 43, pp. 6 5 - 8 5 . 

HAYWARD, C., POEHLMANN, J.M. (1967), Registration of Stadler wheat, Crop Sci. 7, p. 169. 

HEIKEN, A. (1960), Spontaneous and X-ray-induced somatic aberrations in Solanum tuberisum L., Acta Acad. 
Reg. Sci. Upsai. 7, pp. 1 - 1 2 5 . 

HEIN, M.A. (1955), Registration of varieties and strains of other grasses, Agron. J. 47, pp. 547 -48 . 

HEINER, R.E. (1963), The action of the chemical mutagen, diethyl sulfate, on barley, Ph. D. Thesis, Washington 
State University. 

243 



HEINZ, D.J. (1973), "Sugar-cane improvement through induced mutations using vegetative propagules and cell 
culture techniques", Induced Mutations in Vegetatively Propagated Plants (Proc. Panel Vienna, 1972), IAEA, 
Vienna, pp. 53—59. 

HEKSTRA, G., BROERTJES, C. (1968), Mutation breeding in bulbons Iris, Euphytica 17, pp. 315-51 . 

HELM, J. (1951), Vergleichende Betrachtungen iiber die Entwicklung der Inflorenszenz bei Lycopersicum 
esculentum Mill, und beieiner Rontgenmutante, Zuechter 21, pp. 89—95. 

HERMSEN, J.G. Th. (1974), "Haploids in plant breeding", Haploids in Higher Plants - Advances and Potential, 
University of Guelph, pp. 281-85 . 

HERTZSCH, W. (1957), Mutationsversuch mit Rohrglanzgras (Phalaris arundinacea), Z. Pflanzenzuecht. 37 
pp. 263 -79 . 

HERTZSCH, W. (1959a), Knaulgras, Dactylis glomerata L., Handbuch der Pflanzenzuchtung IV (Roemer-
Rudorf), Verlag Paul Parey, Berlin-Hamburg, pp. 377—91. 

HERTZSCH, W. (1959b), Phalaris-Arten, Handbuch der Pflanzenzuchtung IV (Roemer-Rudorf), Verlag Paul 
Paiey, Berlin-Hamburg, pp. 480—87. 

HESEMANN, C. U., GAUL, H. (1967), Zuchterische Bedeutung von Grossmutationen. II. Beispiel fur die unab-
hangige Variation von Teilmerkmalen einer Sommergersten-Mutante im veranderten genetischen Hintergrund, 
Z. Pflanzenzuecht. 58, pp. 1 - 1 4 . 

HESLOT, H. (1959), Action d'agents chimiques mutagenes sur quelques plantes cultivees. Chemische Mutagenese, 
Erwin-Bauer-Gedachtnisvorlesungen I, pp. 106—08. 

HESLOT, H. (1962), in Strahleninduzierte Mutagenese. Erwin-Bauer-Gedachtnisvorlesungen II, Akademie-Verlag, 
Berlin, pp. 193-228. 

HESLOT, H. (1967), "Mutation research done in 1967 on barley, roses and marigolds", Mutations in Plant Breeding 
II (Proc. Panel Vienna 1967), IAEA, Vienna, pp. 153-59. 

HESLOT, H., FERRARY, R., LEVY, R., MONARD, C. (1959), Recherches sur les substances mutagenes (halogeno 
2—ethyle) amines, derives oxygenes du sulfure de bis (chloro-2-ethyle), esters sulfoniques et sulfuriques, C. R. 
Seanc. Hebd. Acad. Sci., Paris 248, p. 729. 

HESLOT, H., FERRARY, R., LEVY, R., MONARD, C. (1961), "Induction de mutations chez l'orge. Efficacite 
relative des rayons gamma, du sulfate d'ethyle, du methane sulfonate d'ethyle et de quelques autres substances", 
Effects of Ionizing Radiation on Seeds (Proc. Conf. Karlsruhe, 1960), IAEA, Vienna, pp. 243—50. 

HESLOT, H., FERRARY, R., TEMPE, J. (1966), The relative mutagenic effects of some nitrosamides on barley 
seeds, Mutat. Res. 3, pp. 354—55. 

HESS, D. (1972), Transformationen an hoheren Organismen, Naturwissenschaften 59, pp. 348—55. 

HESS, D.C., SHANDS, H.L. (1966), Lodging response of certain selections of oats, Avena sativa L., and their 
hybrid progenies, Crop Sci. 6, No. 6, pp. 574—77. 

HEYN, H., HERTZSCH, W. (1943), "Erbsen-Arten, Pisum sativum L. und arvense L., Handbuch der Pflanzen-
zuchtung III (Roemer-Rudorf), 1. Auflage, Verlag Paul Parey, Berlin-Hamburg, pp. 1 - 3 1 . 

HILDER1NG, G.J., VAN DER VEEN, J.H. (1966), The mutual independence of M,-fertility and mutant yield 
in EMS-treated tomatoes, Euphytica 15, pp. 412—24. 

HILL, J., PERKINS, J.M. (1969), The environmental induction of heritable changes in Nicotiana rustica. Effect 
of genotype environment interactions, Genetics 61, pp. 661 — 75. 

HINE, G.J., BROWNELL, G.L. (1956), Radiation Dosimetry, Academic Press, New York. 

HIURA, U. (1960), Studies on the disease-resistance in barley IV. Genetics of the resistance to powdery mildew, 
Ber. Ohara Inst. Landwirtsch. Biol. 11, pp. 235-300 . 

HOFFMANN, F., HESS, D. (1973), Die Aufnahme radioaktiv markierter DNS in Protoplasten von Petunia hybrida, 
Z. Pflanzenphysiol. 69, pp. 8 1 - 8 3 . 

HOFFMANN, W. (1944), Die Vererbung der Winter-Sommerform und der Winterfestigkeit der Gerste, Z. 
Pflanzenzuecht. 26, pp. 56—91. 

HOFFMANN, W. (1952), Ergebnisse der Mutationsziichtung. Vortrage iiber Pflanzenzuchtung 1951, Land- u. 
Forstw. Forschungsrat e.V. Bonn, pp. 3 6 - 5 3 . 

244 



HOFFMANN, W. (1959a), "Gerste; Resistenzziichtung", Handbuch der Pflanzenziichtung II (Roemer-Rudorf), 
Verlag Paul Parey, Berlin-Hamburg, pp. 336—83. 

HOFFMANN, W. (1959b), Neuere Moglichkeiten der Mutationsziichtung, Z. Pflanzenzuecht. 41, pp. 3 7 1 - 9 4 . 

HOFFMANN, W., NOVER, I. (1959), Ausgangsmaterial fur die Ziichtung mehltauresistenter Gersten, Z. 
Pflanzenzuecht. 42, pp. 6 8 - 7 8 . 

HOFFMANN, W., WALTHER, F. (1961), Die Wirkung von Mehrfachbestrahlungen auf die Mutabilitat eines 
Ein-Korn-Ramsches, Z. Pflanzenzuecht. 45, pp. 361—88. 

HOLTON, C.S. (1959), Controls of host-parasite interactions in smut diseases, PI. Pathol. Problems and Progress, 
pp. 145-56 . 

HOPPER, J.E., PELOQUIN, S.T. (1968), X-ray inactivation of the stylar component of the self-incompatibility 
reaction in Lilium longiflorum, Can. J. Genet. Cytol. 10, pp. 941—44. 

HOUBEN WEYL, Methoden der organischen Chemie, 4. Aufl. Teil II/2, Stickstoff-Verbindungen II/III, G. 
Thieme Verlag, Stuttgart, p. 227. 

HOUGH, L.F., MOORE, J.N., BAILEY, C.H. (1965), "Irradiation as an aid in fruit variety development. II. 
Methods for acute irradiation of vegetative growing points of the peach, Prunus persica (L.) Batsch", The Use of 
Induced Mutations in Plant Breeding (Rep. FAO/IAEA Techn. Meeting Rome, 1964), Pergamon Press, Oxford, 
pp. 679-86 . 

HOUGH, L.F., WEAWER, G.M. (1959), Irradiation as an aid in fruit variety improvement. I. Mutations in the 
peach, J. Hered. 50, pp. 5 9 - 6 2 . 

HOWARD, H.W. (1958), Transformation of a monochlamydius into a dichlamydius chimaera by X-ray treatment, 
Nature (London) 182, p. 1620. 

HOWARD, H.W. (1967), "Experiments on X-ray irradiation of potatoes: analysis of chimeras and differentiation 
effects", Induced Mutations and Their Utilization, Proc. Symp. Erwin-Bauer-Gedachtnisvorlesungen IV, Gaters-
leben, 1966, Akademie-Verlag, Berlin, pp. 311 -17 . 

HOWARD -FLANDERS, P. (1968), Genes that control DNA repair and genetic recombination in Escherichia coli, 
Adv. Biol. Med. Phys. 12, pp. 299 -317 . 

HOWARD-FLANDERS, P., BOYCE, R.P. (1966), DNA repair and genetic recombination: Studies on mutants 
of Escherichia coli defective in these processes, Radiat. Res. Suppl. 6, pp. 156—84. 

HU, C.H. (1973), Evaluation of breeding Semidwarf rice by induced mutation and hybridization, Euphytica 22, 
pp. 562-74 . 

HU, C.H., WU, H.B., LI, H.W. (1970), "Present status of rice breeding by induced mutations in Taiwan, Republic 
of China", Rice Breeding with Induced Mutations II, Technical Reports Series No. 102, IAEA, Vienna, pp. 13-19 . 

HUMPHREY, L.M. (1954), Effects of neutron irradiation on soybeans. II, Soybean Digest 14, pp. 18-19 . 

HUNGATE, F.P., MARINELLI, T. (1952), Sulfur-35 as a mutagenic agent ill Neurospora, Genetics 37, pp. 7 0 9 - 1 9 . 

HUSKINS, C.L., SPIER, J.C. (1934), The segregation of heteromorphic homologous chromosomes in pollen 
mother cells of Triiicum vulgare, Cytologia 5, pp. 269—77. 

HUTTON, E.M, (1965), A review of the breeding of legumes for tropical pastures, J. Austr. Inst. Agric. Sci. 31, 
pp. 102-09 . 

ICHIKAWA, S., NISHIYAMA, I. (1963), Radiation induction of somatic mutations at a specific locus of diploid 
oats, Jpn. J. Genet. 38, p. 224. 

IKENGA, M., MABUCHI, T. (1966), Photoreactivation of endosperm mutations induced by ultraviolet light in 
maize, Radiat. Bot. 6, pp. 165—69. 

INJAKINA, A.S. (1959), For expansion of the area under new hard-wheat varieties, Selekcija Semenov. 24, 
pp. 4 8 - 5 0 . 

INSTITUTE OF RADIATION BREEDING (1962), 1st Gamma Field Symp. Radiation injury and somatic mutation, 
The Institute of Radiation Breeding, Ohmiya-machi, Ibaraki-ken, Japan. 

INSTITUTE OF RADIATION BREEDING (1963), 2nd Gamma Field Symp. Cell differentiation and somatic 
mutation, The Institute of Radiation Breeding, Ohmiya-machi, Ibaraki-ken, Japan. 

245 



INSTITUTE OF RADIATION BREEDING (1964), 3rd Gamma Field Symp. Mutations in quantitative traits, The 
Institute of Radiation Breeding, Ohmiya-machi, Ibaraki-ken, Japan. 

INTERNATIONAL ATOMIC ENERGY AGENCY (1966), Genetical Aspects of Radiosensitivity: Mechanisms 
of Repair (Proc. Panel Vienna, 1966), IAEA, Vienna, pp. 166-67. 

INTERNATIONAL ATOMIC ENERGY AGENCY (1967), Neutron Irradiation of Seeds I, Technical Reports Series, 
No. 76, IAEA, Vienna. 

INTERNATIONAL ATOMIC ENERGY AGENCY (1968), Neutron Irradiation of Seeds II, Technical Reports 
Series No. 92, IAEA, Vienna. 

INTERNATIONAL ATOMIC ENERGY AGENCY (1971), Mutation Breeding for Disease Resistance (Proc. Panel 
Vienna, 1970), IAEA, Vienna. 

INTERNATIONAL ATOMIC ENERGY AGENCY (1974), Induced Mutations for Disease Resistance in Crop 
Plants (Proc. Meeting Novi Sad, 1973), IAEA, Vienna. 

INTERNATIONAL ATOMIC ENERGY AGENCY (1976), Induced Mutations for Disease Resistance in Crop 
Plants (Proc. Meeting Ames, 1975), Rep. IAEA-181. 

INTERNATIONAL ATOMIC ENERGY AGENCY (1977), The Use of Induced Mutations for Improving Disease 
Resistance in Crop Plants (Proc. Symp. Vienna, 1977), IAEA, Vienna. 

INTERNATIONAL COMMISSION ON RADIATION UNITS AND MEASUREMENTS (ICRU) (1964), Physical 
Aspects of Irradiation, Handbook 85, ICRU Rep. 10b. 

INTERNATIONAL COMMISSION ON RADIATION UNITS AND MEASUREMENTS (ICRU) (1971), Radiation 
Quantities and Units, ICRU Rep. 19. 

IRIKURA, Y., SAKAGUCHI, S. (1972), Induction of 12-chromosome plants from anther culture in tuberous 
Solatium, Radiat. Res. 15, pp. 170-73. 

ISHIKAWA, M., et al., The new soybean varieties 'Raiden' and 'Raiko' induced by gamma-ray irradiation, Natl. 
Reg. Tohoku Exp. Station, Japan, Res. Rep. 40, p. 65. 

ISMACHIN, M., MIKAELSEN, K. (1976), "Early maturing mutants for rice breeding and their use in cross-breeding 
programmes: Results of work in Indonesia", Induced Mutations in Cross-Breeding (Proc. Advisory Group Vienna, 
1975), IAEA, Vienna, pp. 119-21. 

ITO, T. (1964), Ultraviolet irradiation apparatus with grating monochromator, Jpn. J. Genet. 39, pp. 151—54. 

IYER, R.D., RAINA, S.K. (1972), The early ontogeny of embryoids and callus from pollen and subsequent 
organogenesis in anther cultures of Datura metel and rice, Planta 104, pp. 146—56. 

JACOB, K.T. (1955), Synopsis of the Applied Research Work of the Botany Department for 1954-55, Bose Res. 
Inst. India, pp. 44—91. 

JACOBS, M. (1964), Test de l'activite mutagenique de la 5-Bromodeoxyuridine et de la 5-iodo-deoxyuridine chez 
une plante superieure Arabidopsis thaliana L., cultivee in vitro, Lejeunia 25, pp. 1—7. 

JACOBSEN, P. (1966), Demarcation of mutant-carrying regions in barley plants after ethylmethane-sulfonate 
seed treatment, Radiat. Bot. 6, pp. 313—28. 

JAGATHESAN, D., SWAMINATHAN, M.S. (1961), Absence of individual chromosomes and radiation sensitivity 
of bread wheat, Naturwissenschaften 9, pp. 384—85. 

JAIN, H.K., SUR, S.C., RAUT, R.N. (1962), Genetic studies in tomato, I. Induced variability for uniform fruit 
ripening and other characters, Ind. J. Genet. PI. Breed. 22, pp. 81—87. 

JALIL MIAH, M.A., YAMAGUCHI, H. (1965), The variation of quantitative characters in the irradiated progenies 
of two rice varieties and their hybrids, Radiat. Bot. 5, pp. 187—96. 

JANK, H. (1957), Experimentelle Mutationsauslosung durch Rontgenstrahlungen bei Chrysanthemum indicum, 
Zuechter 27, pp. 223-31 . 

JENKINS, M.T. (1932), Differential resistance of inbred and cross-bred strains of corn to drought and heat 
injury, J. Am. Soc. Agron. 24, pp. 504-06 . 

JENSEN, C.J. (1974), "Chromosome doubling techniques in haploids", Haploids in Higher Plants — Advances 
and Potential, University of Guelph, pp. 153—90. 

246 



JINKS, J.L. (1954), The analysis of continuous variation in a diallele cross of Nicotiana rustica varieties, Genetics 
39, pp. 7 6 7 - 8 8 . 

JINKS, J.L. (1964), Extrachromosomal Inheritance, Prentice-Hall, Englewood Cliffs, New Jersey. 

JOHANNSEN, W. (1913), Elements der exakten Erblichkeitslehre, Gustav Fischer Verlag, Jena. 

JOHANSEN, I., HOWARD-FLANDERS, P. (1965), Macromolecular repair and free radical scavenging in the 
protection of bacteria against X-rays, Radiat. Res. 24, pp. 184—200. 

JOHNS, H.E. (1961), The Physics of Radiology, 2nd ed., Charles C. Thomas, Springfield, III., pp. 767. 

JOHNS, H.E., PEARSON, M.L., HELLEINER, C.W., LOGAN, D.M. (1965), "The effects of ultraviolet light on 
thymine, uracil and their erivatives", Cellular Radiation Biology, Williams and Wilkins, Baltimore, pp. 29—51. 

JOHNSON, D.R., POSTON, J.W. (1967), Radiation Dosimetry Studies at the Health Physics Research Reactor, 
Oak Ridge National Laboratory Rep. 4133. 

JOHNSON, T. (1946), Variation and inheritance of certain characters in rust fungi, Cold Spring Harbor Symp. 
Quant. Biol. 11, pp. 8 5 - 9 4 . 

JONES, H.A., CLARKE, A.E. (1943), Inheritance of male sterility in the onion and the production of hybrid seed, 
Proc. Am. Soc. Hort. Sci. 43, pp. 189-94 . 

JONES, J.W., ADAIR, C.R. (1938), A "lazy"mutation in rice, J. Hered. 29, pp. 315 -18 . 

JONES, L.P. (1967), The effects of X-rays on response to selection for a quantitative character of Drosophila 
melanogaster, Genet. Res. 9, pp. 221—31. 

JORGENSEN, J.H. (1971), "Comparison of induced mutant genes with spontaneous genes in barley conditioning 
resistance to powdery mildew", Mutation Breeding for Disease Resistance (Proc. Panel Vienna, 1970), IAEA, 
Vienna, pp. 117-24. 

JORGENSEN, J.H. (1975), "Identification of powdery mildew resistant barley mutants and their allelic relation-
ship", Barley Genetics III (Proc. Symp. Griinbach, 1975). 

JORGENSEN, J.H. (1976), "Studies on recombination between alleles in the ml-o locus of barley and on 
pleiotropic effects of the alleles", Induced Mutations for Disease Resistance in Crop Plants (Proc. Meeting Aimes, 
1975), Rep. IAEA-181, pp. 129-40 . 

JOSEFSSON, E. (1971), Studies of the biochemical background to differences in glucosinolate content in 
Brassica napus L. II. Administration of some sulphur-35 and carbon-14 compounds and localization of metabolic 
blocks, Physiol. PI. 24, pp. 161-75. 

JOSEFSSON, E. (1973). Studies of the biochemical background to differences in glucosinolate content in 
Brassica napus L. III. Further studies to localize metabolic blocks, Physiol. PI. 29, pp. 28—32. 

JOSEFSSON, E., APPELQV1ST, L.A. (1968), Glucosinolates in seed of rape and turnip rape as affected by variety 
and environment, J. Sci. Food Agric. 19, pp. 564—70. 

JULEN, G. (1958), Uber die Effekte der Rontgenbestrahlung bei Poa pratensis, Zuechter 28, pp. 3 7 - 4 0 . 

JULEN, G. (1961), "The effect of X-rays on the apomixis in Poa pratensis", Effects of Ionizing Radiations on 
Seeds (Proc. Symp. Karlsruhe, 1960), IAEA, Vienna, pp. 527-35 . 

JULIANO, B.O. (1972), "Physico-chemical properties of starch and protein in relation to grain quality and 
nutritional value of rice", Rice Breeding, IRRI, Los Banos, Philippines, pp. 389 -405 . 

KAMEYA, T., HINATA, K. (1970), Induction of haploid plants from pollen grains of Brassica, Jpn. J. Breed. 
20, pp. 8 2 - 8 7 . 

KAMRA, O.P., BRUNNER, H. (1970), "Chemical mutagens", Manual on Mutation Breeding, Technical Reports 
Series No. 119, IAEA, Vienna, pp. 6 2 - 7 2 . 

KAMRA, O.P., KAMRA, S.K., NILAN, R.A., KONZAK, C.F. (1960), Radiation response of soaked barley seeds. 
I. Substances lost by leaching, Hereditas 46, p. 152. 

KAO, F., CALDECOTT, R.S. (1966), Genetic effects of recurrent irradiation in diploid and polyploid Triticum 
species, Genetics 54, pp. 8 4 5 - 5 8 . 

KAO, K.N., KELLER, W.A., MILLER, R.A. (1970), Cell division in newly formed cells from protoplasts of 
soybean, Exp. Cell Res. 62, pp. 3 3 8 - 3 4 0 . 

247 



KAO, K.N., HU, C.H., CHANG, W.T., OKA, H.I. (1960), A biometrical genetic study of irradiated populations 
on rice; genetic variances due to different doses of X-rays, Bot. Bull. Acad. Sin. N.S. 1, pp. 101-08. 

KAPLAN, H.S. (1963), Biochemical basis of reproductive death in irradiated cells, Am. J. Roentgenol., Radium 
Therapy Nucl. Med. 90, pp. 907 -16 . 

KAPLAN, R.W. (1949), Chromosomen Mutationen als Ursache der Sterilitatseffekte nach Rontgenbestrahlung 
von Gerstenkomern, Z. Indukt. Abstamm. VererbLehre 83, pp. 203—319. 

KAPLAN, R.W. (1954), Beinflussung der durch Rontgenstrahlen induzierten mutativen Fleckenmosaiks auf den 
Blattern der Sojabohne durch Zusatzbehandlung, Strahlentherapie 94, pp. 106—18. 

KAPPERT, H. (1943), Untersuchungen iiber Plasmonwirkungen bei Aquilegia, Flora 37, pp. 95—105. 

KASHA, K.J., KAO, K.N. (1970), High frequency haploid production in barley (Hordeum vulgare L.), Nature 
(London) 225, pp. 874-76 . 

KASPERBAUER, M.J., COLLINS, G.B. (1971), Reconstitution of diploids from anther-derived haploids in 
tobacco, Crop Sci. 12, pp. 98 -101 . 

KAUL, A.K. (1973), "Mutation breeding and crop improvement", Nuclear Techniques for Seed Protein Improve-
ment (Proc. Meeting Neuherberg, 1972), IAEA, Vienna, pp. 1 — 106. 

KAUL, B.L. (1969), Protection against radiation induced chromosome breakage in Vicia faba by dimethyl sulfoxide, 
Radiat. Bot. 9, pp. 111-14. 

KAWAI, T. (1954), Mutagenic effect of radioisotope P32 on rice, Jpn. J. Breed. 1, pp. 58 -59 . 

KAWAI, T. (1962), A comparison of biological effects produced by external and internal irradiation, Recent Adv. 
Breed. 4, pp. 51 -99 . 

KAWAI, T. (1963a), Mutations in rice induced by radiation and their significance in rice breeding. I. Mutations by 
radiophosphorus, Bull. Natl. Inst. Agric. Sci. (Japan) 10, pp. 1—75. 

KAWAI, T. (1963b), Mutations in rice induced by radiation and their significance in rice breeding. II. Mutations 
by X-ray irradiation of florets, Bull. Natl. Inst. Agric. Sci (Japan) 10, pp. 77—137. 

KAWAI, T. (1966), personal communication (Rei Mei). 

KAWAI, T. (1967), New crop varieties bred by mutation breeding, Jpn. Agric. Res. Q. 2, pp. 8—12. 

KAWAI, T„ SATO, H., MASIMA, I. (1961), "Short-culm mutations in rice induced by P32", Effects of Ionizing 
Radiations on Seeds (Proc. Symp. Karlsruhe, 1960), IAEA, Vienna, pp. 565-79 . 

KAWAI, T., SATO, H. (1966), "Some factors modifying the effects of radiation in seed treatment in rice", 
Mutations in Plant Breeding (Proc. Panel Vienna, 1966), IAEA, Vienna, pp. 151—71. 

KAWARA, K. (1963), Introduction of a gamma field in Japan, Radiat. Bot. 3, pp. 175-77. 

KEITT, G.W., BOONE, D.M. (1956), "Use of induced mutation in the study of host-pathogen relationships", 
Genetics in Plant Breeding, Proc. 9th Brookhaven Symp. Biology, pp. 209—25. 

KHADR, F.H., FREY, K.J. (1965), Recurrent irradiation for oat breeding, Radiat. Bot. 5, pp. 391-402 . 

KHUSH, G.S., RICK, C.M. (1968), Tomato telotrisomics: Origin, identification, and use in linkage mapping, 
Cytologia (Tokyo) 33, pp. 137-48. 

KHVOSTOVA, V.V. (1966), Mutagenic treatmentof agricultural plants. (Abst.), Induced Mutations and Their 
Utilization, Proc. Symp. Erwin-Bauer-Gedachtnisvorlesungen IV, Gatersleben, 1966, Akademie-Verlag, Berlin. 

KHVOSTOVA, V.V., PRIVALOV, G.F., private communication. 

KIESSELBACH, T.A. (1949), The structure and reproduction of com, Univ. Nebraska Res. Bull. 161. 

KIHARA, H., KATAYAMA, Y. (1932), Uber das Vorkommen von haploiden Pflanzen bei T. monococcum, Kawa 
Gaku 2, pp. 4 0 8 - 1 0 (in Japanese); Agr. Hort. 8(1933), pp. 1 - 1 7 . 

KIHARA, H., NISHIYAMA, I. (1947), An application of sterility of autotriploids to the breeding of seedless 
watermelons, Seiken Jiho 3, pp. 93 -103 . 

KIHARA, H., YAMASHITA, K. (1938), Artificial production of haploid and triploid plants by the pollination 
of X-rayed pollen in Einkorn wheat, PI. Breed. Abst. 9, p. 298. 

248 



KIHLMAN, B.A. (1959), Induction of structural chromosome changes by visible light, Nature (London) 183, 
pp. 976 -78 . 

KIHLMAN, B.A. (1961), Biochemical aspects of chromosome breakage, Adv. Genet. 10, pp. 1—59. 

KIHLMAN, B.A. (1966), Actions of chemicals on dividing cells, Prentice Hall, Englewood Cliffs, New Jersey, 
pp. 260. 

KIHLMAN, B.A., LEV AN, A. (1951), Localized chromosome breakage in Vicia faba, Hereditas 37, pp. 3 8 2 - 8 8 . 

KIMATA, M., SAKAMOTO, S. (1972), Production of haploid albino plants of Aegilops by anther culture, Jpn. 
J. Genet. 47, pp. 61 -63 . 

KIMBER, G. (1967), The incorporation of the resistance of Aegilops ventricosa to Cercosporella herpotrichoides 
into Triticum aestivum, J. Agric. Sci. Camb. 68, pp. 373—76. 

KIMBER, G., RILEY, R. (1963), Haploid angiosperms, Bot. Rev. 29(4), p. 480. 

KINBACHER, E.J. (1962), Effect of relative humidity on the high-temperature resistance of winter-oats, Crop 
Sci. 2, pp. 4 3 7 - 4 0 . 

KIRBY-SMITH, J.S. (1963), Effects of combined UV and X-radiations on chromosome breakage in Tradescantia 
pollen, Radiation-Induced Chromosome Aberrations, (WOLFF, S., Ed.), Columbia University Press, New York, 
pp. 203-14 . 

KITAGAWA, O. (1967), The effects of X-ray irradiation on selection response in Drosophila melanogaster, Jpn. 
J. Gent. 42, pp. 121-37. 

KIVI, E.I., REKUNEN, M., VARIS, E. (1974), "Use of induced mutations in solving problems of northern crop 
production", Polyploidy and Induced Mutations in Plant Breeding (Proc. Meeting Ban, 1972), IAEA, Vienna, 
pp. 187-94. 

KLEINHOFS, A., SANDER, C., NILAN, R.A., KONZAK, C.F. (1974), "Azide mutagenicity-mechanism and 
nature of mutants produced", Polyploidy and Induced Mutations in Plant Breeding (Proc. Meeting Bari, 1972), 
IAEA, Vienna, pp. 195-99 . 

KLINGSTEDT, H. (1939), Taxonomic and cytological studies on grasshopper hybrids. I. Morphology and 
spermatogenesis of Chartippus bicolor Chrp. Ch. biguttulus L., J. Genet. 37, pp. 389—420. 

KLOPFER, K. (1965), Erfolgreiche experimentelle Entmischungen und Umlagerungen periklinalchimarischer 
Kartoffelknollen, Zuechter 35(5), pp. 202-14 . 

KNOLL, J., BAUR, G. (1942), Avena-Arten, Handbuch der Pflanzenziichtung III (Roemer-Rudorf), Verlag 
Paul Parey, Berlin-Hamburg, pp. 405—14. 

KNOTT, D.R. (1968), "Agropyrons as a source of rust resistance in wheat-breeding", Proc. 3rd Wheat Genetics 
Symp., pp. 204-12 . 

KNOTT, D.R. (1971), "The transfer of genes for disease resistance from alien species to wheat by induced 
translocations", Mutation Breeding for Disease Resistance (Proc. Panel Vienna, 1970), IAEA, Vienna, pp. 67—77. 

KNOTT, D.R., HUGHES, G.R. (1974), "Studies on stem and leaf rust resistance in wheat", Induced Mutations 
for Disease Resistance in Crop Plants (Proc. Meeting Novi Sad, 1973), IAEA, Vienna, pp. 35—43. 

KOCH, B. (1960), Ziichtung einer kalkvertraglichen Lupine, Agrobotanika (Tapioszele) 2, pp. 59—70. 

KOELLE, G., WAHL, R. (1962), Die Aktivitat der Polyphenoloxydase bei einer Y-virus anfalligen Tabaksorte 
und ihrer resistenten Mutante, Zuechter 32, pp. 304 -06 . 

KOEPPE, D.E., ARNTZEN, C.J. MILLER, R.J. (1973), Cytoplasmic inheritance: Physiological comparisons of 
N and T cytoplasms of maize, Agron. Abs. 

KOERNICKE, M. (1904), Uber die Wirkung von Rontgenstrahlen auf die Keimung und das Wachstum, Ber. Dtsch. 
Bot. Ges. 22, pp. 148-66 . 

KONDRA, Z.P., DOWNEY, R.K. (1969), Glucosinolate content of developing Brassica napus and Brassica 
campestris seed, Con. J. PI. Sci. 49, pp. 623—24. 

KOLLER, P.C. (1953), A dicentric chromosome in a rat tumour induced by nitrogen mustard, Hereditas 6 
(Suppl.), pp. 181-96. 

249 



KONSTANTINOV, K., HARMS-RINGDAHL, M„ EHRENBERG, L., DUMANOVIC, J., BOZOVIC, Irina (1970), 
Influence of pH and temperature on the effects of ethyleneimine (EI) in wheat and barley seeds, Radiat. Bot. 
1 0 , p p . 4 9 9 - 5 1 0 . 

KONZAK, C.F. (1954), Stem rust resistance in oats induced by nuclear radiation, Agron. J. 46, pp. 538-40 . 

KONZAK, C.F. (1956a), Induction of mutations for disease resistance in cereals, 9th Brookhaven Symp. Biology, 
pp. 141-52. 

KONZAK, C.F. (1956b), Induction of mutations for disease resistance in cereals, 9th Brookhaven Symp. Biology, 
pp. 157-76. 

KONZAK, C.F. (1957), Genetic effects of radiation on higher plants, Q. Rev. Biol. 32, pp. 27 -45 . 

KONZAK, C.F. (1959a), Induced mutations in host plants for the study of host-parasite interactions, PI. Path. 
Problems and Progress 1908-1958, Univ. Wise. USA, pp. 202-14 . 

KONZAK, C.F. (1959b), Radiation-induced mutations for stem rust resistance in oats, Agron. J. 51, pp. 518—20. 

KONZAK, C.F. (1976), "A review of semidwarfing gene sources and a description of some new mutants useful 
for breeding short-stature wheats", Induced Mutations for Cross-Breeding (Proc. Advisory Group Vienna, 1975), 
IAEA, Vienna, pp. 79-93 . 

KONZAK, C.F., SINGLETON, W.R. (1956), The effects of thermal neutron radiation on mutation of endosperm 
loci in maize, Proc. Natl. Acad. Sci. USA 42, pp. 78—84. 

KONZAK, C.F., WICKHAM, Irene M., DeKOCK, M.J. (1972), "Advances in methods of mutagen treatment", 
Induced Mutations and Plant Improvement (Proc. Meeting Buenos Aires, 1970), IAEA, Vienna, pp. 95—118. 

KONZAK, C.F., CURTIS, H.J., DELIHAS, N., NILAN, R.A. (1960), Modification of radiation-induced damage 
in barley seeds by thermal energy, Can. J. Genet. Cytol. 2, pp. 129—41. 

KONZAK, C.F., NILAN, R.A., HARLE, J.R., HEINER, R.E. (1961a), Control of factors affecting the response 
of plants to mutagens, 14th Brookhaven Symp. Biol. pp. 128—57. 

KONZAK, C.F., NILAN, R.A., LEGAULT, R.R., HEINER, R.E. (1961b), "Modification of induced genetic damage 
in seeds", Effects of Ionizing Radiations on Seeds (Proc. Conf. Karlsruhe, 1960), IAEA, Vienna, pp. 155—69. 

KONZAK, C.F., NILAN, R.A., FROESE-GERTZEN, E.E., FOSTER, R.J. (1963), "Factors affecting the biological 
action of mutagens", Induction of Mutations and the Mutation Process (Proc. Symp. Prague, 1963), p. 123. 

KONZAK, C.F., NILAN, R.A., WAGNER, J., FOSTER, R.J. (1965), "Efficient chemical mutagenesis", The Use 
of Induced Mutations in Plant Breeding (Rep. FAO/IAEA Tech. Meeting Rome, 1964), Pergamon Press, Oxford, 
pp. 4 9 - 7 0 . 

KOO, F.K.S. (1959), Expectations on random occurrence of structural interchanges between homologous and 
between non-homologous chromosomes, Am. Nat. 93, pp. 193—99. 

KOO, F.K.S., MYERS, W.M. (1955), Induction of resistance and susceptibility in oats to rust by ionizing radiations, 
Abstr. Ann. Meet. Am. Soc. Agron. 52, PBA 26, 1043. 

KOSTA, L., RAVNIK, V., DUMANOVIC, J. (1969), "Determination of nitrogen in plant seeds by fast neutron 
activation", New Approaches to Breeding for Improved Plant Protein (Proc. Panel Rostanga, 1968), IAEA, 
Vienna, pp. 161—68. 

KRAUSSE, G.W., EVDOKIMOVA, V.A. (1973), Mutationsversuche bei Gerste IV. Die SensibUitatsreaktion 
verschiedener Sorten gegenuber ionisierenden Strahlen und chemischen Mutagenen, Arch. Zuechtungsforsch. 3, 
pp. 203-17 . 

KRULL, C.F., FREY, K.J. (1961), Genetic variability in oats following hybridization and radiation, Crop Sci. 
1, pp. 141-46. 

KRUSE, P.F., Jr., PATTERSON, M.K., Jr. (Eds) (1973), Tissue Culture: Methods and Applications, Academic 
Press, New York. 

KUDO, M. (1966), Photoperiodic response and its genie analysis of some mutants on heading character induced 
from Norm-No. 8 in rice, Jpn. J. Breed. 16, pp. 57—58. 

KUDO, M. (1967), Gene analysis and photoperiodic response of some early maturing mutants induced from 
Norin 8 in rice, Jpn. J. Breed. 17(Suppl. Vol. 1), pp. 3 6 - 3 7 . 

250 



KUMAR, S., HECHT, A. (1965) , lnactivation of incompatibility in Oenothera organensis following ultra-violet 
irradiation, Naturwissenschaften 52, pp. 398—99. 

KUZNECOVA, N.A. (1963) , The strong wheat Zarolzskaja, Selek. Semenov. 28, pp. 4 8 - 4 9 . 

KWON, S.H. (1974), "Selection for blast-resistant mutants in irradiated rice populations", Induced Mutat ions 
for Disease Resistance in Crop Plants (Proc. Meeting Novi Sad, 1973), IAEA, Vienna, pp. 103—15. 

LAMPRECHT, H. (1953) , New and hi ther to known polymeric genes of Pisum, Agri Hort . Genet. 11, pp. 4 0 - 5 4 . 

LAMPRECHT, H. (1955) , Vererbung der Chlorophyllmutante albina-terminatis von Pisum sowie Allgemeines 
zum Verhalten von Chlorophyll- und anderen Genen, Agri Hort. Genet. 13, pp. 1 0 3 - 1 4 . 

LAMPRECHT, H. (1956), Rontgen Empfindlichkeit und Genotypische Konsti tution bei Pisum, Agri Hort . Genet. 
14, pp. 1 6 1 - 7 6 . 

LAMPRECHT, H. (1958a), Rontgen-Empfindlichkeit und Genotypische Konsti tution von Phaseolus, Agri Hort . 
Genet. 16, pp. 1 9 6 - 2 0 8 . 

LAMPRECHT, H. (1958b) , Uber Grundlagen der Gene fur die Gestaltung hoherer Pflanzen, Agri Hort . Genet. 16, 
pp. 1 4 5 - 9 5 . 

LAMPRECHT, H. (1962) , Gleichzeitiges Mutieren in mehreren Genen bei Pisum nach Behandlung mit Athylenimin, 
Agri Hort. Genet. 20, pp. 1 6 7 - 7 9 . 

LANGE, W. (1969) , Cy togenetical and embryological research on crosses between Hordeum vulgare and H. bulbosum, 
Thesis, Wageningen. 

LANGHAM, D.G. (1960) , Breeding sesame (Sesamum indicum) varieties to meet specific demands of commercial 
utilization, Genetics 45, p. 997 (abstr.). 

LAPINS, K. (1963), Note on compact mutants of Lambert cherry produced by ionizing radiation, Can. J. PI. Sci. 
43, pp. 4 2 4 - 2 5 . 

LAPINS, K. (1965) , Compact mutants of apple induced by ionizing radiation, Can. J. PI. Sci., 45, pp. 1 1 7 - 2 4 . 

LAPINS, K.O. (1973) , "Induced mutat ions in fruit trees", Induced Mutations in Vegetatively Propagated Plants 
(Proc. Panel Vienna, 1972), IAEA, Vienna, pp. 1 - 1 9 . 

LAPINS, K.O., BAILEY, C.N., HOUGH, L.F. (1969) , Effect of gamma rays on apple and peach leaf buds at 
different stages of development — 1. Survival, growth and mutat ion frequencies, Radiat. Bot. 9, pp. 379—90. 

LAPP, R.E., ANDREWS, H.L. (1954) , Nuclear Radiation Physics, 2nd ed., Prentice-Hall, Englewood Cliffs, New 
Jersey, 532 pp. 

LATTERELL, R.L. (1959) , Changes in radiosensitivity of maize chromosomes during seed germination, Genetics 
44, pp. 5 2 1 - 2 2 . 

LATTERELL, R.L., STEFFENSEN, D.M. (1962), Changes in sensitivity of maize chromosomes to X-rays during 
seed germination, Am. J. Bot. 49, pp. 472—78. 

LAUGHNAN, J.R. (1949) , The action of allelic forms of the gene A in maize. II. The relation of crossing over 
to mutation of Ab, Proc. Natl. Acad. Sci. USA 35, pp. 1 6 7 - 7 8 . 

LAUGHNAN, J.R. (1952) , The action of allelic forms of the gene A in maize. IV. On the compound nature 
of Ab and the occurrence and action of its Ad derivatives, Genetics 37, pp. 375—95. 

LAWRENCE, C.W. (1961a), The effect of the irradiation of different stages in micro-sporogenesis on chiasma 
frequency, Heredity 16, pp. 83—89. 

LAWRENCE, C.W. (1961b) , The ef fec t of radiation on chiasma formation in Tradescantia, Radiat. Bot. 1, pp . 9 2 - 9 6 . 

LAWRENCE, C.W. (1965) , Radiation induced polygenic mutat ion, The Use of Induced Mutations in Plant Breeding 
(Rep. FAO/IAEA Meeting Rome, 1964), Pergamon Press, Oxford, pp. 4 9 1 - 9 6 . 

LEA, D.E. (1955) , Actions of Radiations on Living Cells, The University Press, Cambridge, 416 pp. 

LEA, D.E., SMITH, K.M., HOLMES, B.E., MARKHAM, R. (1944), Actions of radiation on viruses and enzymes, 
Parasitology 36, pp. 1 1 0 - 1 9 . 

LEACH, H.W. (1965) , Gelatinization of Starch. Whistler and Paschall: Starch, Chemistry and Technology, I, 
Academic Press, New York, Chap. XII. 

251 



LEBENDEVA, N.A. (1961), Polyploids of wild species of potato and hybrids of the polyploids when grown as 
perennial, Bot. Zh. 46, pp. 860—63. 

LE CLERC, E.L. (1966), "Significance of experimental design in plant breeding", Plant Breeding (Proc. Symp. 
Iowa State University; K.J. FREY, Ed.) Iowa State University Press, Ames, pp. 243—313. 

LEIN, K.A. (1970), Quantitative Bestimmunsmethoden fur Samenglucosinolate in Brassica-Arten und ihre 
Anwendung in der Ziichtung von glucosinolatarmen Raps, Z. Pflanzenzuecht. 63, pp. 137—54. 

LEIN, K.A. (1972a), Zu quantitativen Bestimmung des Glucosinolatgehaltes in Brassica-Samen. I. Gewinnung 
und Reinigung der Myrosinase, Angew. Bot. 46, pp. 137—59. 

LEIN, K.A. (1972b), Zur quantitativen Bestimmung des Glucosinolatgehaltes in Brassica-Samen. II. Photometrische 
Bestimmung des Gesamtglucosinolat —, des Thiooxazolidon —, und des Isothiocyanatgehaltes in einem Testansatz, 
Angew. Bot. 46, pp. 263-84 . 

LEIN, K.A., SCHON, W.J. (1969), Quantitative Glucosinolatbestimmung aus Halbkornern von Brassica Arten, 
Angew. Bot. 18, pp. 87 -92 . 

LERNER, I.M. (1958), The Genetic Basis of Selection, John Wiley, New York, 298 pp. 

LESLEY, M.M., LESLEY, J.W. (1958), Male sterile mutants in the tomato from seeds treated with the radioactive 
isotope 32P, Proc. Am. Soc. Hort. Sci. 71, pp. 339 -43 . 

LETT, I., PARKINS, G.M., ALEXANDER, P. (1962), Physiochemical changes produced in DNA after alkylation, 
Arch. Biochem. Biophys. 97, pp. 8 0 - 9 3 . 

LEWIS, D. (1942), The physiology of incompatibility I. The effect of temperature, Proc. R. Soc. (London) B131, 
pp. 13-26 . 

LEWIS, D. (1948), Structure of the incompatibility gene I. Spontaneous mutation rate, Heredity 2, pp. 219—36. 

LEWIS, D. (1949), Structure of the incompatibility gene. II. Induced mutation rate, Heredity 3, pp. 3 3 9 - 5 5 . 

LEWIS, D. (1951), Structure of the incompatibility gene. III. Types of spontaneous and induced mutations, 
Heredity 5, pp. 399-414 . 

LEWIS, D., CROWE, L.K. (1953), Theory of reversible mutation, Nature (London) 171, p. 501. 

LEWIS, D., CROWE, L.K. (1954), Structure of incompatibility gene. IV. Types of mutations in Prunus avium, 
Heredity 8, pp. 357 -63 . 

LI, H.W., HU, C.H., WOO, S.C. (1965), Further report on mutation breeding of rice in Taiwan since 1957, Bot. 
Bull. Acad. Sin. 16, pp. 131-43. 

LI, H.W., HU, C.H., CHANG, W.T., WENG, T.S., (1961), "The utilization of X-radiation for rice improvement", 
Effects of Ionizing Radiations on Seeds (Proc. Symp. Karlsruhe, 1960), IAEA, Vienna, pp. 485—93. 

LIFSCHYTZ, E., FALK, R. (1969), Fine structure analysis of a chromosome segment in Drosophila melartogaster. 
Analysis of ethyl methanesulphonate-induced lethals, Mutat. Res. 8, pp. 147—55. 

LIN, C.S. (1959), Studies on the improvement of rice cultivation in "watch the sky" — fields in Taiwan, Agric. 
Res. Taipei 8, pp. 17-28 . 

LIN, K.M., LIN, P.C. (1960), Radiation induced in blast disease resistance in rice, Jpn. J. Breed. 10(1), pp. 19-22 . 

LINDEGREN, C.C. (1955), Non-Mendelian segregation in a single tetrad of Saccharomyces ascribed to gene 
conversion, Science 121, pp. 605—07. 

LINDEN, M.I. (1960), Interspecific hybrids obtained by crossing Lycopersicon esculentum Mill X L. hirsutum 
Humb. et Bonp., Trudy Inst. Genet. 27, pp. 2 5 1 - 5 6 (from PI. Breed. Abst. 31, No. 5516). 

LINNANE, A.W., SAUNDERS, G.W., GINGOLD, E.B., LUK1NS, H.B. (1968), The biogenesis of mitochondria. 
V. Cytoplasmic inheritance of erythromycin resistance in Saccharomyces cerevisiae, Proc. Natl. Acad. Sci. USA 
59, pp. 903-10 . 

LIU, M.C., CHEN, W.H. (1974), "Isolation and fusion of protoplasts from sugar cane young leaves", Haploids and 
Higher Plants — Advances and Potential, University of Guelph, pp. 141-42. 

LOEGERING, W.Q. (1966), "The relationship between host and pathogen in stem rust of wheat", Proc. 2nd Int. 
Wheat Gen. Symp., Lund, Sweden, 1963, pp. 167-77 . 

252 



LOEGERING, W.Q. (1970), "Specificity and non-specificity", Plant Disease Problems (Proc. Symp. New Delhi, 
1966), Indian Phytopathological Society, IARI, pp. 855 -61 . 

LOEGERING, W.Q. (1971), "Application of interorganism genetics to mutation breeding for disease resistance", 
Mutation Breeding for Disease Resistance (Proc. Panel Vienna, 1970), IAEA, Vienna, pp. 25—30. 

LOESCH, P.J. (1964), Effect of mutated background genotype on mutant expression in Arachis hypogaea L., 
Crop Sci. 4, pp. 73 -78 . 

i 
LONNQUIST, J.H., COTA, P., GARDNER, C.O. (1966), Effect of mass selection and thermal neutron irradiation 
on genetic variances in a variety of corn, Crop Sci. 6, pp, 330-32 . 

LOOF, B. (1958), Inverkan av olika skordetider p i frokvalitet och drasning hos oljevaxter, Sver. Utsadesfor. 
Tidskr. 68, pp. 6 1 - 7 3 . 

LOOF, B. (1961), Plaztfestigkeit als Ziichtproblem bei Olpflanzen der Familie Cruciferae, Z. Pflanzenzuecht. 46, 
pp. 4 0 5 - 1 6 . 

LOOSE, R. de (1971), "Mutation research on the Belgian hybrids of Rhododendron simsii (Planch.) (Azalea indica)", 
Eucarpia Meeting on Ornamentals, Wageniningen, pp. 7—15. 

LOVE, J.E. (1966), "Some effects of fast neutron irradiation on the somatic tissues of poinsettia", Proc. Am. Soc. 
Hort. Sci. 89, pp. 672 -78 . 

LOVELESS, A. (1966), Genetic and Allied Effects of Alkylating Agents, Butterworths, London, 270 pp. 

LUNDEN, A.O., WALLACE, A.T. (1961), Some effects of ultraviolet light on barley and oat embryos, Crop Sci. 
1, pp. 212-15 . 

LUNDEN, A.O. (1964), Seed embryo features and radiation response, Radiat. Bot. 4, pp. 429—37. 

LUNDQVIST, A. (1960), The origin of self incompatibility in Rye, Hereditas 46, pp. 1 - 1 9 . 

LUNDQVIST, U., WETTSTEIN, D. von. (1962), Induction of eceriferum mutants in barley by ionizing radiations 
and chemical mutagens, Hereditas 48, pp. 342—62. 

LUNDQVIST, U„ WETTSTEIN-KNOWLES, P. von, WETTSTEIN, D. von. (1968), Induction of eceriferum mutants 
in barley by ionizing radiations and chemical mutagens II, Hereditas 59, pp. 473—504. 

LUSE, R.A. (1970), "Mass screening for specific amino acids by nuclear chemical, biological and enzymatic techniques", 
Improving Plant Protein by Nuclear Techniques (Proc. Symp. Vienna, 1970), IAEA, Vienna, pp. 237—42. 

LUTKOV, A.N. (1937), Production of a winter form of Hordeum by X-ray treatment, Bull. Appl. Bot. Ser. II, 
7, pp. 203-08 . 

LYONS, M.F., PHILLIPS, R.J.S., SEARLE, A.G. (1964), The overall rates of dominant and recessive lethal and 
visible mutation induced by spermatogonial X-irradiation of mice, Genet. Res. 5, pp. 448—67. 

LYSIKOV, V.N., KONOTOP, A.N., BLJANDOR, O. V., BYRKA, S.G. (1970), The breeding of inbred lines of 
maize with cytoplasmic male sterility by experimental mutagenesis, Tr. Kishinev. S-Kh. Inst. 46, pp.65—71; PI. 
Breed. Abst. 40, No. 4943. 

MABUCHI, T., ARNASON, T.J. (1969), Ethyl methane sulfonate induced mutations in maize, Maize Genet. 
Coop. Newslett. 43, pp. 166-67 . 

MABUCHI, T., MATSUMURA, S. (1964), Dose rate dependence of mutation rates from gamma irradiated pollen 
grains in maize, Jpn.J.Genet. 39, pp. 131 - 3 5. 

MacKEY, J. (1954a), The biological actions of mustards on dormant seeds of barley and wheat, Acta Agric.Scand. 
4, p.419. 

MacKEY, J. (1954b), Mutation breeding in polyploid cereals, Acta Agric.Scand. 4, pp.549—57. 

MacKEY, J. (1954c), Neutron and X-ray experiments in wheat and a revision of the speltoid problem, Hereditas 40, ' 
pp .65-180 . 

MacKEY, J. (1959), Mutagenic response in Triticum at different levels of ploidy, Proc. 1st.Int.Wheat Genet. 
Symp., Winnipeg, pp .88-111 . 

MacKEY, J. (1960a), Methods of utilizing induced mutation in crop improvement, Symp.Mutation and Plant 
Breeding, Cornell University; Ithaca, pp.336—64. 

253 



MacKEY, J. (1960b), Radiogenetics in Triticum, Genet.Agr. XII, Fasc. 3 - 4 , pp .201-30 . 

MaeKEY, J. (1962), Mutation experiments in wheat improvement, Symp.Genetics and Plant Breeding, Martonvasar, 
Hungary. 

MACKIE, R.W., BLUME, J.M., HAGEN, C.F. (1952), Histological changes induced in barley plants by radiation 
from P3 2 , Am.J.Bot. 39, pp .229-37 . 

MAKAROVA, L. (1960), Morphological characteristics of heat resistant varieties, Potato Vegets 10, pp.21—22. 

MALIGA, P., MARTON, L., SZ-BREZNOVITS, A.(1973), 5-Bromodeoxyuridine-resistant cell lines from haploid 
tobacco, PI.Sci.Lett. 1, pp. 119-20. 

MALIGA, P., SZ-BREZNOVITS, A., MARTON, L. (1973), Streptomycin-resistant plants from callus culture of 
haploid tabacco, Nature (London) New Biol. 244, pp .29-30 . 

MALLING, H.V. (1967), The mutagenicity of the acridine mustard (ICR-170) and the structurally related 
compounds in Neurospora, Mutat.Res. 4, pp.265—74. 

MALLING, H.V., SERRES, F.J. de (1967), Identification of the spectrum of X-ray-induced intragenic alterations 
at the molecular level in Neurospora crassa, Radiat.Res. 31, pp. 6 3 7 - 3 8 . 

MALLING, H.V., SERRES, F.J. de (1968), Identification of genetic alterations induced by ethyl methanesulfonate 
in Neurospora crassa, Mutat.Res. 6, pp.181—93. 

MARANI, A., DAG, J. (1962), Inheritance of the ability of cotton seeds to germinate at low temperature in the 
first hybrid-generation, Crop Sci. 2, pp.243—45. 

MARETZKI, A., NICKELL, L.G. (1973), "Formation of protoplasts from sugarcane cell suspensions and the 
regeneration of cell cultures from protoplasts", Colloq.Intern. C.N.R.S., No. 212, Protoplasts et Fusion de 
Cellules Somatiques Veg6tales, Inst.Natl.Res.Agron., Paris, pp .51 -56 . 

MARIE, R. (1963), Obtention de varietes nouvelles par hybridation et mutagenese induite, Annl.Amel.Pl. 13, 3, 
pp .175-220 . 

MARKS, G.E. (1957), Telecentric chromosomes, Am.Nat. 91, pp .223-32 . 

MARTH, W. (1966), Die Dosiskonstanten von Gammastrahlen, Atompraxis 12, p.392. 

MARTINI, G., BOZZINI, A. (1965), Analisi diun mutante sticky indotto in frumento duro Cappelli, Genet. 
Agrar. 19, pp. 184-94. 

MASTELLER, V.J., HOLDEN, D.J. (1970), The growth of an organ formation from callus tissue of Sorghum, 
Plant Physiol. 45, pp .362-64 . 

MASTENBROEK, C. (1956), Some experiences in breeding frost-tolerant potatoes, Euphytica 5, pp .289-97 . 

MATHAN, D.S. (1965), Morphogenetic effect of phenylboric acid on various leaf-shape mutants in the tomato, 
duplicating the effect of the lanceolate gene, Z.VererbLehre 97, pp. 157—65. 

MATHER, K. (1941), Variation and selection of polygenic characters, J.Genet. 41, pp.159—93. 

MATHER, K. (1943), Polygenic inheritance and natural selection, Biol.Rev. 18, pp.32—64. 

MATHER, K. (1954), The genetical units of continuous variation, Proc.9th Genet.Congr., Caryol. 6 (Suppl.) 
pp.106—23. 

MATHER, K., WIGAN, L.G. (1942), The selection of invisible mutations, Proc.R.Soc. (London) 131, pp .50 -64 . 

MATHEWS, P., LAPINS, K. (1967), Self-fertile sweet cherries, Fruit Var.Hort.Dig. 21, pp .36-37 . 

MATSUMURA, R.H., CURRENCE, T.M. (1962), A male sterile and an early ripening mutant from irradiation of 
tomato seeds, Proc.Am.Soc.Hort.Sci. 80, pp .515-22 . 

MATSUMURA, S. (1962), Radiation genetics in wheat. VII. Comparison of radiation effects of beta and 
gamma rays on diploid wheat, Radiat. Bot. 1, pp.155—64. 

MATSUMURA, S. (1964), Relation between radiation effects and dose rate of X- and gamma rays in cereals, Jpn. 
J.Genet. (Suppl.) 40, pp. 1 - 1 1 . 

MATSUMURA, S. (1966), Radiation genetics in wheat. IX. Differences in effects of gamma rays and 14 MeV 
fission and fast neutrons from Po—Be, Radiat.Bot. 6, pp .275-83 . 

254 



MATSUMURA, S., KONDO, S„ MABUCHI, T. (1963), Radiation genetics in wheat. VIII, The RBE of heavy 
particles from B10 (n, a) Li reaction for cytogenetic effects in einkorn wheat, Radiat.Bot. 3, pp.29—40. 

MATSUO, T., NAKAJIMA, T. (1960a), Genetical studies on heading in rice plants I. Characteristics of some 
mutant strains on heading time induced by X-ray or 0-ray, Jpn.J.Breed. 1 0 , pp.137—42. 

MATSUO, T., NAKAJIMA, T. (1960b), Genetical studies on heading in rice plants II. Gene-analysis on heading 
of some early heading mutants induced by X-ray, Jpn.J.Breed. 1 0 , pp.174—78. 

MATSUO, T., ONOZAWA, Y. (1961) "Mutations induced by ionizing radiations and chemicals in rice", Effects of 
Ionizing Radiations on Seeds (Proc.Conf.Karlsruhe, 1960), IAEA, Vienna, pp.495—501. 

MATSUO, T., ONOZAWA, Y. (1965), Genetical studies on heading time in rice III. Gene-analysis on heading time 
of some late mutants induced by radiation, Jpn.J.Breed. 15, pp.43—46. 

MATSUO, T., YAMAGUCHI, H. (1962), Review of research on use of radiation induced mutations in crop breeding 
in Japan, Euphytica 11, pp .245-55 . 

MATSUO, T., YAMAGUCHI, H., ANDO, A. (1958), A comparison of biological effects between thermal neutrons 
and X-rays on rice seeds, Jpn.J.Breed. 8, pp.37—45. 

MATUHIN, G.R. (1960), The resistance of wheat-Agropyron-hybrids to salinity, Proc.Rostov.DiviAll.-Un.Bot.Soc., 
pp. 140-47 (PI.Breed.Abst. 3 2 (1962/63) No.3160). 

McCALLA, D.R., REUVERS, A., KITAI, R. (1968), Inactivation of biologically active N-methyl-N-Nitroso 
compounds in aqueous solution: Effect of various conditions of pH and illumination, Can.J.Biochem. 46, pp.807—11. 

j 
McCLINTOCK, B. (1933), The association of non-homologous parts of chromosomes in the midprophase of 
meiosis in Zea mays, Z.Zellforsch.Mikr.Anat. 1 9 , pp.191—237. 

McCLINTOCK, B. (1938), The fusion of broken ends of sister half-chromatids following chromatid breakage at 
meiotic anaphases, Missouri Agric. Exp.Sta.Res.Bull. 290, 48 pp. 

McCLINTOCK, B. (1941), Spontaneous alterations in chromosome size and form in Zea mays, Cold Spring 
Harbor Symp.Quant.Biol. 9, pp .72 -81 . 

McCLINTOCK, B. (1942), The fusion of broken ends of chromosomes following nuclear fusion, Proc.Natl.Acad. 
Sci.US 2 8 , pp.458—63. 

McCLINTOCK, B. (195 1 a), The relation of homozigous deficiencies to mutations and allelic series in maize, 
Genetics 29, pp .478-502. 

McCLINTOCK, B. (1951b), Chromosome organization and genie expression, Cold Spring Harbor Symp.Quant.Biol. 
1 6 , pp .13-47 . 

McCLINTOCK, B. (1956), Intranuclear systems controlling gene action and mutation, Brookhaven Symp.Biol. 
Mutation, 8, pp .58-74 . 

McCLINTOCK, B. (1967), "Genetic systems regulating gene expression during development", Control Mechanisms in 
Developmental Processes (LOCKE, M., Ed.,), Academic Press, New York, pp .84-112 . 

McGRATH, R.A., WILLIAMS, R.W. (1966), Reconstruction in vivo of irradiated Escherichia coli deoxyribunucleic 
acid, the rejoining of broken pieces, Nature (London) 212, p.534. 

McKELVIE, A.D. (1963), Studies in the induction of mutations in Arabidopsis thaliana (L.) Heynh, Radiat. Bot. 
3, pp.105—23. 

McLAREN, A.D., SHUGAR, D. (1964), Photochemistry of Proteins and Nucleic Acids, Pergamon Press, Oxford. 

McQUADE, H.A., FRIEDKIN, M. (1960), Radiation effects of thymidine H3 and thymidine C14, Exp.Cell Res. 2 1 , 
pp .118-25 . 

MELCHERS, G. (1972), Haploid higher plants for plant breeding, Z.Pflanzenzuecht. 67, pp .19 -32 . 

MELCHERS, G. (1974), "Haploid research in higher plants", Haploids in Higher Plants - Advances and Potential, 
University of Guelph, pp .393-401 . 

MELCHERS, G., LABIB, G. (1970), Die Bedeutung haploider hoherer Pflanzen fur Pflanzenphysiologie und 
Pflanzenzuchtung, Ber.Dtsch.Bot.Ges. 83, pp. 129-50 . 

255 



MELCHERS, G., LABIB, G. (1973) , "Plants f rom protoplasts. Significance for genetics and breeding", Colloq. 
Intern. C.N.R.S., No.212, Protoplasts et Fusion de Cellules Somatiques Vegetales, Inst.Natl.Res.Agron., Paris, 
p p . 3 6 7 - 7 2 . 

MERICLE, L.W., MERICLE, R.P. (1962), Mutation induction by proembryo irradiation, Radiat.Bot. 1, pp. 195 -202 . 

MERICLE, L.W., MERICLE, R.P. (1965), Biological discrimination of differences in natural background radiation 
level, Radiat.Bot. 5, p p . 4 7 5 - 9 2 . 

MERTENS, T.R., BURDICK, A.B. (1957), On the X-ray production of 'desirable' mutat ions in quantitative traits, 
Am.J.Bot. 4 4 , p p . 3 9 1 - 9 4 . 

METTIN, D. (1961), Mutationsversuche an Kulturpflanzen XII. Uber das genetische Verhalten von friihreifen 
Gerstemutanten, Zuechter 31, pp.83—89. 

MEYER, K. (1930), Verfahren zur Diirreresistenzbestimmung, J.Landwirt . 78, p p . 3 1 - 2 0 2 . 

MEYER, V.G. (1971), Cytoplasmic effects on anther numbers in interspecific hybrids of cot ton, J.Hered. 62, 
pp.77—78. 

MICHAELIS, P. (1954), Cytoplasmic inheritance in Epilobium and its theoretical significance, Adv.Genetics 6, 
p p . 2 8 7 - 4 0 1 . 

MICHAELIS, P., KAPLAN, R.W. (1953), Uber die ausserordentlich starke mutagene Wirkung der radioaktiven 
Isotope P32 und S3 s bei Epilobium, Naturwissenschaften 4 0 , p.534. 

MICKE, A. (1957), Eine vereinfachte Methode zur Pr i i fungvon Steinklee-Individuen auf Cumarin, Zuechter 
27, pp. 1 7 9 - 8 1 . 

MICKE, A. (1958), Mutationsziichtung beim weissen Steinklee (Melilotus albus) mit Hilfe von Rontgenstrahlen, 
Z.Pflanzenzuecht. 39, p p . 4 1 9 - 3 7. 

MICKE, A. (1962), Eine bitterstoffreie Mutante bei Melilotus albus nach Bestrahlung von Samen mit thermischen 
Neutronen, Naturwissenschaften 49, p.332. 

MICKE, A. (1966), personal communication. 

MICKE, A. (1968), Utilization of induced mutants as hybrids, Proc.Eucarpia Congr., Milan, p p . 2 6 2 - 6 8 . 

MICKE, A. (1969a), "Improvement of low yielding sweet clover mutants by heterosis breeding", Induced 
Mutations in Plants (Proc.Symp., Pullman), IAEA, Vienna, pp.541—50. 

MICKE, A. (1969b), Zur Frage der mutagenen Wirkung wiederholter Rontgenbestrahlungen, Naturwissenschaften 
56, p.40. 

MICKE, A. (1974), "Scope and aims of the co-ordinated research programme on induced mutat ions for disease 
resistance in crop plants", Induced Mutations for Disease Resistance in Crop Plants (Proc.Meeting Novi Sad, 1974), 
IAEA, Vienna, pp.3 —7. 

MICKE, A. (1974a), "Heterosis bei Kreuzungen von Mutanten derselben Ausgangsform", Ber.Arbeitstagung 
Saatzuchtleiter Gumpenstein, pp.314—28. 

MICKE, A. (1976) , " In t roduc t ion" , Induced Mutations in Cross-Breeding (Proc.Advisory Group Vienna, 1975), 
IAEA, Vienna, pp. 1 —4. 

MICKE, A., WOHRMANN, K. (1960), Zum Problem der Strahlenempfindlichkeit trocken Samen, Atompraxis 6, 
pp.308—16. 

MICKE, A., SMITH, H.H., WOODLEY, R.G., MASCHKE, A. (1964a), Relative cytogenetic efficiency of muons and 
if mesons in Zea mays (L.), Proc.Natl. Acad.Sci. USA 52, pp.219—21. 

MICKE, A., SMITH, H.H., WOODLEY, R.G., MASCHKE, A. (1964b), Relative cytogenetic efficiency of muons 
and 7T mesons in Zea mays (L.) and its modification by post-irradiation storage, Radiat.Res. 23, pp.537—50. 

MIEDEMA, P. (1967), Induction of adventitious buds on roots of the potato , Euphytica 16 2, p p . 1 6 3 - 6 7 . 

MIKAELSEN, K. (1961), Comparison between genetic effects of gamma radiation and alkylating agents, Ann.Rep. 
Bengen Univ. 

MIKAELSEN, M. (1966), Activities of the plant-breeding and genetics unit of the Seibersdorf Laboratory, 
Mutations in Plant Breeding (Proc.Panel, Vienna, 1966) IAEA, Vienna, p p . 2 4 9 - 5 2 . 

256 



MIKAELSEN, K. (1967a), personal communication. 

M1KAELSEN, K. (1967b), Studies on mutagenic effects of ionizing radiation and chemical mutagens, IAEA 
Laboratory Activities — Fourth Report, Technical Reports Series No.77, IAEA, Vienna. 

MIKAELSEN, K. (1968), "Comparisons between chromosome aberrations induced by ionizing radiations and 
alkylating agents at different stages of mitosis in barley seeds", Mutations in Plant Breeding II (Proc.Panel Vienna, 
1967), IAEA, Vienna, pp.287—90. 

MIKAELSEN, K. (1969), "Influence of mitotic stage on the effectiveness of mutagen treatments", Induced 
Mutations in Plants (Proc.Symp.Pullman, 1969), IAEA, Vienna, pp .245-49 . 

MIKAELSEN, K., LI, W.C. (1974), "Influence of water content on the storage effect in EMS-treated barley 
seeds", Polyploidy and Induced Mutations in Plant Breeding (Proc.Meeting Bari, 1972), IAEA, Vienna, pp.401 - 4 . 

MIKAELSEN, K., AHNSTROM, G., LI, W.C. (1968), Genetic effects of alkylating agents in barley. Influence of 
post-storage, metabolic state and pH of mutagen solution, Hereditas 59, pp. 3 5 3 - 7 4 . 

MIKAELSEN, K., BRUNNER, H., LI, W.C. (1971), Influence of postwash time on the mutagenic effects of 
ethylmethanesulphonate (EMS) in barley seeds,-Hereditas 69, pp. 15 —18. 

MIKSCHE, J.P., SHAPIRO, S. (1964), "Use of neutron irradiations in the Brookhaven Mutations Programme", 
Biological Effects of Neutron and Proton Irradiations (Proc. Symp.Upton, N.Y., 1963) 1, IAEA, Vienna, 
pp .393-408 . 

MILLER, R.J., KOEPPE, D.E. (1971), Southern leaf corn blight: Susceptible and resistant mitochondria, Science 
1 7 3 , pp.67—69. 

MINDER, W. (1961), Dosimetrie der Strahlungen radioaktiver Stoffe, Springer-Vienna. 

M1NOCHA, J.L., ARNASON, T.J. (1962), Mutagenic effectiveness of ethyl-methanesulfonate and methyl-
methanesulfonate in barley, Nature (London) 196, p.499. 

MITCHELL, H.K., MITCHELL, M.B. (1952), A case of "maternal" inheritance inNeurospora crassa, Proc.Natl. 
Acad.Sci. USA 38, p.442. 

MODE, C . J . (1958), A mathematical model for the co-evolution of obligate parasites and their hosts, Evolution 1 2 , 
pp.158—65. 

MOES, A. (1958), Les mutations induites par les rayons X chez l'orge distique (Hordeum sativum Jess, subsp. 
distichum). I., Bull.Inst.Agron.Stat.Recherch.Gembloux 26, pp .335-61 . 

MOES, A. (1959), Les mutations induites par les rayons X chez l'orge distique (Hordeum sativum Jess, subsp. 
distichum). II., Bull.Inst.Agron.Stat.Recherch.Gembloux 2 7 , pp .167-221 . 

MOES, A. (1966), Mutations induites chez le glaieul, Bull.Inst.Agron.Stat.Recherch.Gembloux 1, pp .76-95 . 

MOH, C.C. (1961), Does a coffee plant develop from one initial cell in the shoot apex of an embryo? Radiat.Bot. 
1, pp .97-99 . 

MOH, C.C. (1963), Radiosensibiiidad de las especies de plantes tropicales: Carica papaya, Manihot dulcis y 
Swietenia humilis, Turrialba 1 3, pp. 180—8 1. 

MOH, C.C., ALLAN, J.J. (1972), The use of Guignard test for screening cassava cultivars of low hydrocyanic content, 
Trop.Root Tuber Crops Newslett. 6, pp .29 -31 . 

MOH, C.C., ALLAN, J.J. (1974), Radiosensitivity of some tropical plant species, Turrialba 24, pp. 156-59 . 

MOH, C.C., ORBEGOSO, G. (1960), Efectos de radiaciones ionizantes sobre la planta de cafe, Cafe, Turrialba 1, 
p.46; Pl.Breed.Abs. 30, p. 131. 

MOH, C.C., SMITH, L. (1951), An analysis of seedling mutants (spontaneous, atomic bomb — radiation and 
X-ray induced in barley and durum wheat, Genetics 36, pp.629—40. 

MONOD, J., CHARGEUX, V.P., VAEST, F. (1963), Allosteric proteins and cellular control systems, J.Molec.Biol. 
6, pp.306—29. 

MONTI, L.M., SACCARDO, F. (1969), Mutations induced in pea by X-irradiation of pollen, and the significance of 
induced unstable chromosomes in mutation experiments, Caryologia 22, pp.81—96. 

MORISHIMA, K., OKA, H.I. (1967), Differences in intemode-elongation type of rice, Jpn.J.Breed. 1 7 Suppl. I, 
pp .184-85 . 

257 



MORISHIMA, H., OKA, H.J. (1960/61), A survey of drought resistance in wild and cultivated rice strains, Ann.Rep. 
Natl.Inst.Genet.Japan 11, pp .58-59 . 

MORITZ, Ch., KRAUSSE, G.W., BIELKA, F., SCHLEGEL, G. (1974), Die Reaktion von Sorten, Stammen und 
Mutanten bei Wintergerste auf eine variierte Chlorcholinchlorid-Behandlung.Arch.Zuechtungsforsch. 4, pp.117—32. 

MOSEMAN, J.G. (1966), Genetics of powdery mildews, Ann.Rev.Phytopathol. 4, pp .269-90 . 

MOSSBERG, R. (1969), "Evaluation of protein quality and quantity by dey-binding capacity: A tool in plant 
breeding", New Approaches to Breeding for Improved Plant Protein (Proc.Panel RostSnga, 1968), IAEA, Vienna, 
pp. 151-60. 

MOUNOLOU, J.C., JAKOB, H., SLON1MSKI, P.R. (1966), Mitochondrial DNA from yeast "petite mutants": 
specific changes of buoyant density corresponding to different cytoplasmic mutations, Biochem.Biophys.Res. 
Commun. 24, pp .218-44 . 

MOUTSCHEN-DAHMEN, J. (1964), Thesis, Univ.Liege. 

MOUTSCHEN-DAHMEN, J., DEGRAEVE, M.N. (1965), "Modified effects of ethyl methane sulphonate at the 
chromosome level", Proc.Symp. on the Mutational Process, Czechoslovak.Acad.Sci. Prague, pp.397—400. 

MOUTSCHEN-DAHMEN, J., MOUTSCHEN-DAHMEN, M. (1963), Influence of Cu2+ and Zn2* ions on the effects 
of ethylmethanesulfonate on chromosomes, Experientia 19, pp.144—47. 

MOUTSCHEN-DAHMEN, M., MOUTSCHEN-DAHMEN, J., EHRENBERG, L. (1959), Chromosome disturbances 
and mutation produced in plant seeds by oxygen at high pressures, Hereditas 45, pp.230—44. 

MUKAI, T. (1964), The genetic structure of natural populations of Drosophila melanogaster. I. Spontaneous 
mutation rate of polygenes controlling viability, Genetics 50, pp. 1 — 19. 

MULLENAX, R.H., OSBORNE, T.S. (1967), Normal and gamma-rayed resting plumules of barley, Radiat.Bot. 
7, pp.273—82. 

MULLER, A.J. (1965), Uber den Zeitpunkt der Mutationsauslosung nach Einwirkung von N-Nitroso-N-Methyl-
harnstoff auf quellende Samen von Arabidopsis, Mutat.Res. 2, pp.426—37. 

MULLER, A.J. (1966), Die Induktion von rezessiven Lethalmutationen durch Athylmethansulfonat bei Arabidopsis. 
I. Dosis-Effekt-Beziehungen und deren Beinflussung durch die Behandlungsbedingungen, Ziichter 36, pp.201—20. 

MULLER, A.J. (1975), "The chimerical structure of M, plants and its bearing on the determination of mutation 
frequencies in Arabidopsis", Induction of Mutations and the Mutation Process, Czech.Acad.Sci., Prague, pp.46—52. 

MULLER, H.J. (1927), Artificial transmutation of the gene, Science 66, pp .84-87 . 

MULLER, H.J. (1946), Physiological effects on "spontaneous mutation rate" in Drosophila, Genetics 31, p.225. 

MULLER, H.J. (1954a), "The nature of genetic effects produced by radiation", Radiation Biology 1 
(HOLLAENDER, A., Ed.), McGraw-Hill, New York, pp .603-26 . 

MULLER, H.J. (1954b), "The manner of production of mutations by radiations", Radiation Biology 1, 
(HOLLAENDER, A., Ed.), McGraw-Hill, New York, pp .475-602 . 

MULLER, H.J., MOTT-SMITH, L.M. (1930), Evidence that natural radioactivity is inadequate to explain the 
frequency of "natural" mutations, Proc.Natl. Acad.Sci. USA 16, pp.277—85. 

MUNCK, L. (1968), Podersiid-Kvalitet och utnyttjande, Sver.Utsadesfor.Tidskr. 78, pp .137-201 . 

MUNCK, L., KARLSSON, K.E., HAGBERG, A., EGGUM, B.O. (1970), Gene for improved nutritional value in 
barley seed protein, Science 168, pp.985—87. 

MUNTZING, A. (1930), Outlines to a genetic monograph of the genus Galeopsis with special reference to the 
nature and inheritance of partial sterility, Hereditas 13, pp.185—341. 

MUNTZING, A. (1934), Chromosome fragmentation in a Crepis hybrid, Hereditas 19, pp .284-302 . 

MURPHY, H.C., STANTON, T.R., STEVENS, H. (1937), Breeding winter oats resistant to crown-rust, smut, and 
cold, J.Am.Soc.Agron. 29, pp .622-37 . 

MURPHY, P.G., McCORMICK, J.F. (1971), "Ecological effects of acute beta irradiation from simulated fallout 
particles on a natural plant community", Survival of Food Crops and Livestock in the Event of Nuclear War, 
USAEC Rep.CONF—700909, pp .454-81 . 

258 



MURRAY, M.J. (1969), "Successful use of irradiation breeding to obtain Verticillium-resistant strains of peppermint, 
Mentha piperita L.," Induced Mutations in Plants (Proc.Symp.Pullman, 1969), IAEA, Vienna, pp.345—70. 

MURRAY, M.J. (1971), "Additional observations on mutation breeding to obtain Verticillium-resistant strains of 
peppermint," Mutation Breeding for Disease Resistance (Proc.Panel Vienna, 1970), IAEA, Vienna, pp.171—95. 

MURRAY, M.J., TODD, W.A. (1972), Registration of Todd's Mitcham peppermint, Crop Sci. 12, p.128. 

MURTY, B.R. (1976), "Mutation breeding for resistance to downy mildew and ergot in Pennisetum and to 
Ascochyta in chickpea," Induced Mutations for Disease Resistance in Crop Plants (Proc.Meeting Aimes, 1975), 
Rep.IAEA-181, pp .165-81 . 

MYERS, W.M., RUDORF, W. (1959), "Kleeartige Futterpflanzen, Luzerne-Arten", Handbuch der Pflanzen-
ziichtung IV (Roemer-Rudorf), Verlag Paul Parey, Berlin-Hamburg, pp. 103-217. 

MYERS, W.M., AUSEMUS, E.R., KOO, F.K.S., HSU, K.J. (1956), Resistance a la rouille du ble et de 1'avoine acquise 
grace aux rayonnements ionisants, Peaceful Uses of Atomic Energy (Proc.Conf.Geneva, 1955) 12, UN, New York, 
pp.69—72. 

NAGAI, S., YANAGISHIMA, N., NAGA1, H. (1961), Advances in the study of respiration-deficient (RD) mutation 
in yeast and other microorganisms, Bact.Rev. 25, pp.404—26. 

NAGARAJAN, U., GOPALAN, C. (1968), Variation in the neurotoxin (KN)-oxalyamino-alanine content in 
Lathyrus sativus samples from Madhya Pradesh, Ind.J.Med.Res. 56 (1), pp .95-99 . 

NAGARAJAN, U., MOHAN, V.S., GOPALAN, C. (1965), Toxic factors in Lathyrus sativus, Ind.J.Med.Res. 53, 
p.269. 

NAGATA, T., TAKEBE, I. (1971), Plating of isolated tobacco mesophyll protoplasts on agar medium, Planta 
99, pp .12-20 . r 

NAKAJIMA, K. (1965), "Induction of sports in roses by gamma-ray irradiation", Gamma Field Symp. 4, pp.55—70. 

NAKATA, K. (1971), Competition among pollen grains for haploid tobacco plant formation by anther culture. I. 
Analysis with leaf color character, Jpn.J.Breed. 21, pp.29—34. 

NAKATA, K., TANAKA, M. (1968), Differentiation of embryoids from developing germ cells of tobacco, 
Jpn.J.Genet. 43, pp .65-71 . 

NAKORNTHAP, A. (1965), Radiation induced somatic mutations in the ornamental Canna, Radiat.Bot.(Suppl.) 5, 
pp .707-12 . 

NARAYANAN, K.R., KONZAK, C.F. (1969), "Influence of chemical post-treatments on the mutagenic efficiency 
of alkylating agents", Induced Mutations in Plants (Proc.Symp.Pullman, 1969), IAEA, Vienna. 

NARAYANASWAMY, S., CHANDY, L.D. (1971), In vitro induction of haploid, diploid and triploid androgenic 
embryoids and plantlets in Datura metel L., Ann.Bot. 35, pp.535—42. 

NATARAJAN, A.T. (1966), Studies on mutation and chromosome breakage in higher plants, Dissertation, 
Stockholm University, pp. 1 - 1 6 . 

NATARAJAN, A.T., MARIC, M.M. (1961), The time-intensity factor in dry seed irradiation, Radiat.Bot. 1, 
pp. 1 - 9 . 

NATARAJAN, A.T., NIRULA, S. (1963), Induction of mutations in barley with ultraviolet radiation, Nature 
(London) 199, pp .822-23 . 

NATARAJAN, A.T., SH1VASANKAR, G. (1965), Studies on modification of mutation response of barley seeds 
to ethyl methanesulfonate, Z.VererbLehre 96, pp. 13—21 

NATARAJAN, A.T., SIKKA, S.M., SWAMINATHAN, M.S. (1958), "Polyploidy, radiosensitivity and mutation 
frequency in wheats," Peaceful Uses of Atomic Energy (Proc.Conf.Geneva, 1958) 27, UN, New York, pp .321-31 . 

NATIONAL ACADEMY OF SCIENCES (1972), Genetic Vulnerability of Major Crops, NAS, Washington, D.C. 

NATIONAL BUREAU OF STANDARDS HANDBOOK, No.63 (1957), Protection against neutron radiation up to 
30 million electron volts, Superintendent of Documents, Washington, D.C., 88 pp. 

NATIONAL BUREAU OF STANDARDS,HANDBOOK, No.73 (1960), Protection against radiations from sealed 
gamma sources, Superintendent of Documents, Washington, D.C., 70 pp. 

259 



NAWAR, M.N., KONZAK, C.F., NILAN, R.A. (1970), Factors modifying the biological effectiveness of a nitrogen 
mustard, Mutat.Res. 10, p.165. 

NAWASHIN, M. (1930), Unbalanced somatic chromosomal variation in Oepi's.Univ.Cal.Pub.Agr.Sci. 6, pp .95-106 . 

NAWASHIN, M. (1933), Altem der Samen als Ursache von Chromosomenmutationen, Planta 20, pp .233-43 . 

NAYLOR, E.H., JOHNSON, B. (1937), A histological study of vegetative reproduction in Saintpaulia iomntha. 
Am.Bot. 24, pp .673-78 . 

NEARY, G.J., WILLIAMSON, F.S. (1961), "A simple method of fast neutron dosimetry for use in radiobiology etc.", 
Selected Topics in Radiation Dosimetry (Proc.Symp. Vienna, 1960), IAEA, Vienna, pp .463-71 . 

NETTANCOURT, D. de (1969), Radiation effects on the one locus - gametophytic system of self-incompatibility 
in higher plants, Theor.Appl.Genet. (Zuechter) 39, pp .187-96 . 

NETTANCOURT, D. de (1973), "Breeding for direase resistance in European crop plants", Proc.Meeting Mutation 
Breeding Contact Group, Assoc. Euratom ITAL Ext.Rep. 16, pp.82—97. 

NEUFFER, M.G. (1957), Additional evidence on the effect of X-ray and ultraviolet radiation in maize, Genetics 42, 
pp .273-82 . 

NEUFFER, M.G., FICSOR, G. (1963), Mutagenic action of ethyl methanesulfonate in maize, Science 139, 
pp .1296-97 . 

NEZU, M. (1962), The effects of radiation on tulip breeding, Gamma Field Symp. 1, pp .43-49 . 

NEZU, M. (1964), Studies on the production of bud sports in tulips by ionizing radiation. V. Effects of total 
dose, fractionation and temperature on somatic mutation, Jpn.J.Genet. 39, pp.440—46. 

NEZU, M. (1965), Studies on the production of bud sports in tuUps by ionizing radiation. VI. Selection and 
observation of the mutant progeny, Jpn.J.Breed. 15, pp .113-18 . 

NIIZEKI, H., OONO, K. (1968), Induction of haploid rice plant from anther culture, Proc.Jpn.Acad. 44, pp .554-56 . 

NIIZEKI, H., OONO, K. (1971), "Rice plants obtained by anther culture", Colloq.Intern. C.N.R.S., No. 193, Les 
Cultures de Tissues dePlantes, C.N.R.S., Paris, pp .251-57 . 

NILAN, R.A. (1954), Relation of carbon-dioxide, oxygen and low temperature to the injury and cytogenetic 
effects of X-rays in barley, Genetics 39, pp.943—53. 

NILAN, R.A. (1956), "Factors governing plant radiosensitivity", Conf.Radioactive Isotopes in Agriculture, USAEC, 
Michigan State University, East Lansing, pp.151—62. 

NILAN, R.A. (1964), The cytology and genetics of barley 1951-1962, Monographic Suppl. No.3, Res.Studies, 
Washington State University, 31, pp. 1 - 2 7 8 . 

NILAN, R.A. (1966a), personal communication (on variety Luther). 

NILAN, R.A. (1966b), "Barley cytogenetics and breeding (A progress report)," Mutations in Plant Breeding 
(Proc.Panel Vienna, 1966), IAEA, Vienna, pp .177-85 . 

NILAN, R.A. (1966c). "Nature of Induced Mutations in Higher Plants", Induced Mutations and Their Utilization, 
Proc. Symp. Erwin-Bauer-Gedachtnisvorlesungen IV, Gatersleben, 1966, Akademie-Verlag, Berlin, pp.5—20. 

NILAN, R.A. (1972), "Mutagenic specificity in flowering plants: Facts and prospects," Induced Mutations and 
Plant Improvement (Proc.Meeting Buenos Aires, 1970), IAEA, Vienna, pp .141-51 . 

NILAN, R.A. (1972a), "Induced mutations and winter barley improvement," Induced Mutations and Plant 
Improvement (Proc.Meeting Buenos Aires, 1970), IAEA, Vienna, pp.349—51. 

NILAN, R.A. (1973), "Increasing the effectiveness, efficiency, and specificity of mutation induction in flowering 
plants", Genes, Enzymes, and Populations (Proc.Symp.Cali, 1972), Plenum Press, New York. 

NILAN, R.A. (1974), "Barley (Hordeum vulgarej," Handbook of Genetics 2, Plenum Press, New York, pp .93-110 . 

NILAN, R.A., GUNTHARDT, H.M. (1956), Studies on aged seeds. III. Sensitivity of aged wheat seeds to X-radiation, 
Caryologia 8, pp .316-22 . 

NILAN, R.A., KONZAK, C.F. (1961), "Increasing the efficiency of mutation induction", Mutation and Plant 
Breeding, NAS-NRC 891, pp .437-60 . 

260 



NILAN, R.A., KONZAK, C.F. (1966), "Barley cytogenetics and breeding", Mutations in Plant Breeding (Proc.Panel 
Vienna, 1966), IAEA, Vienna, pp .177-85 . 

NILAN, R.A., MUIR, C.E. (1967), Registration of Luther barley, Crop Sci. 7, p.278. 

NILAN, R.A., PHILIPS, L. (1957), The irradiation sensitivity of barley seeds low in calcium, Northwest Sci. 31, 
pp .139-44 . 

NILAN, R.A., KLEINHOFS, A.K., SANDER, C.S. (1975), "Azide mutagenesis in barley", Proc.Int.Barley Genetics 
Symp. (in press). 

NILAN, R.A., KONZAK, C.F., LEGAULT, R.R., HARLE, J.R. (1961), "The oxygen effect in barley seeds", 
Effects of Ionizing Radiations on Seeds,(Proc.Conf.Karlsruhe, 1960), IAEA, Vienna, pp. 139—54. 

NILAN, R.A., KONZAK, C.F., FROESE-GERTZEN, E.E., RAO, N.S. (1962a), "Analysis of radiation-induced 
genetic damage in seeds", Strahleninduzierte Mutagenese, Erwin-Bauer-Gedachtnisvorlesungen II, 1961, 
Akademie-Verlag, Berlin, pp.141—52. 

NILAN, R.A., KONZAK, C.F., HARLE, J.R., HEINER, R E. (1962b), Interrelation of oxygen and temperature in 
the production of radiation-induced genetic effects in plants, Strahlentherapie (Suppl.) 51, pp. 171—82. 

NILAN, R.A., KONZAK, C.F., HEINER, R.E., FROESE-GERTZEN, E.E. (1964), "Chemical mutagenesis in barley", 
Proc. 1st Int.Barley Genetics Symp., Wageningen, pp.35—54. 

NILAN, R.A., KONZAK, C.F., WAGNER, J., LEGAULT, R.R. (1965), "Effectiveness and efficiency of radiations 
for inducing genetic and cytogenetic changes", The Use of Induced Mutations in Plant Breeding (Rep.FAO/IAEA 
Tech.Meeting Rome, 1964), Pergamon Press, Oxford, pp.71—89. 

NILAN, R.A., POWELL, J.B., CONGER, B.V., MUIR, C.E. (1968), "Induction and utilization of inversions and 
mutations in barley: Progress report", Mutations in Plant Breeding II (Proc.Panel Vienna, 1967), IAEA, Vienna, 
1968), pp .193-202. 

NILSSON-EHLE, H. (1909), Kreuzungsuntersuchungen an Hafer und Weizen (Teil I), Lunds Universitets Arsskrift. 
Afd.2, 5, p. 122. 

NILSSON-EHLE, H. (1948), The future possibilities of Swedish barley breeding, Svalof 1886-1946, pp .113-26 . 

NISHI, T., YAMADA, Y., TAKAHASHI, E. (1972), Organ ^differentiat ion and plant restoration in rice callus, 
Nature (London) 219, pp .508-9 . 

NISH1DA, T., NAKAJIMA, K., OHBA, K., TAKATO, S. (1967), Radiosensitivity and induction of somatic mutations 
in woody perennials under chronic gamma ray irradiation, Gamma Field Sym. 6, pp.19—45. 

NISHIYAMA, 1.(1942), Breeding of cold-resistant Raphanus sativus by the doubling of chromosome number, Bot. 
Zool. 10, pp .57-58 . 

NISHIYAMA, I., IZUKA, M. (1952), Successful hybridization by means of X-rayed pollen in otherwise incompatible 
crosses, Bull.Res.Inst.Fd Sci., Kyoto Univ. No.8. 

NISHIYAMA, I., ICHIKAWA, S., UEMATSU, S., AMANO, E., MOTOYOSHI, F., INOMATA, N. (1962), Dose rate 
effects of thermal neutrons and gamma rays on somatic mutation rate, Jpn.J.Genet. 37, p.404. 

NISHIYAMA, I., ICHIKAWA, S., AMANO, E. (1964), Radiobiological studies in plants. X. Mutation rate induced 
by ionizing radiations at the al locus of sand oats, Radiat.Bot. 4, pp .503-16 . 

NISHIYAMA, I., IKUSHIMA, T., ICHIKAWA, S. (1966), Radiobiological studies in plants. XI. Further studies on 
somatic mutations induced by X-rays at the al locus of diploid oats, Radiat.Bot. 6, pp.211 — 18. 

NITSCH, C. (1974), "Pollen culture — a new technique for mass production of haploid and homozygous lines", 
Haploids in Higher Plants — Advances and Potential, University of Guelph, pp .123-34 . 

NITSCH, J.P. (1969), Experimental androgenesis in Nicotiana, Phytomorphology 19, pp.389—404. 

NITSCH, J.P. (1972), Haploid plants from pollen. Z.Pflanzenzuecht. 67, pp .3 -18 . 

NITSCH, J.P., NITSCH, C. (1969), Haploid plants from pollen grains, Science 163, pp .85 -87 . 

NITSCH, C., NORREEL, B. (1973), Effet d'un choc thermique sur le pouvoir embryogene du pollen de Datura 
innoxia cultive dans l'anthere ou isol£ de l'anthere. C.R.Acad.Sci.Paris, Ser. D 276, pp.303—6. 

NITZSCHE, W. (1970), Herstellung haploider Pflanzen aus Festuca-Lolium-BastZLTden, Naturwissenschaften 57, 
pp.199-200. 

261 



NOTH, M.H., ABEL, W.O. (1971), Zur Entwicklung haploider Pflanzen aus unreifen Mikrosporen verschiedener 
Nicotiana-Arten, Z. Pflanzenzuecht. 65, pp.277—84. 

NOTZEL, H. (1952), Genetische Untersuchungen an rontgeninduzierten Gerstenmutanten, Kuhn-Archiv 66, 
pp.72-132. 

NOVER, I., BANDLOW, G. (1958), Mutationsversuche an Kulturpflanzen. VIII. Mehltauresistenz und ihre Genetik 
bei Wintergerste und Mutanten, Zuechter 28, pp. 184-89. 

NUTI-RONCHI, V., D'AM'ATO, F. (1961), New data on chromosome breakage by acridine orange in the allium test, 
Caryologia 1 4 , pp.163—65. 

NYBOM, N. (1954), Karyotype and viability in barley, Act.Agr.Scand. 4, pp.507-14. 

NYBOM, N. (1956), On the differential action of mutagenic agents, Hereditas 42, pp.211-17. 

NYBOM, N. (1961), "The use of induced mutations for the improvement of vegetatively propagated plants", 
Mutation and Plant Breeding, NAS/NRC 891, pp.252-94. 

NYBOM, N., KOCH, A. (1965), "Induced mutations and breeding methods in vegetatively propagated plants", 
The Use of Induced Mutations in Plant Breeding (Rep.FAO/IAEA Tech.Meeting Rome, 1964), Pergamon Press, 
Oxford, pp.661-78. 

NYBOM, N., GUSTAFSSON, A, GRANHALL, I., EHRENBERG, L. (1956), The genetic effects of chronic gamma 
irradiation in barley, Hereditas 42, pp .74-84. 

NYBOM, N., LUNDQVIST, U„ GUSTAFSSON, A., EHRENBERG, L. (1953), Biological effects of X-irradiation 
at low temperatures, Hereditas 3 9 , pp .445-57. 

OEHLKERS, F. (1943), Die Auslosung von Chromosomenmutationen in der Meiosis durch Einwirkung von 
Chemikalien, Z.indukt.Abstamm.VererbLehre 81, pp.313-41. 

OEHLKERS, F. (1952), Neue Oberlegungen zum Problem der ausserkaryotischen Vererbung, Z.indukt.Abstamm. 
VererbLehre 84, pp.213-50. 

OHYAMA, K., NITSCH, J.P. (1972), Flowering haploid plants obtained from protoplasts of tobacco leaves, 
Pl.Cell Physiol. 1 3 , 2 2 9 - 3 6 . 

OHYAMA, K., GAMBORG, O.L., MILLER, R.A. (1972), Uptake of exogenous DNA by plant protoplasts, Can.J.Bot. 
5 0 , pp.2077-80. 

OKA, H.I., HAYASHI, J., SHIOJIRI, I. (1958), Induced mutation of polygenes for quantitative characters in rice, 
J.Hered. 4 9 , pp .11-14. 

OHA, H., WATANABE, T„ NISHIYAMA, I. (1967), Reciprocal translocation as a new approach to breeding seedless 
watermelon. I. Induction of reciprocal translocation strains by X-ray irradiation, Can.J.Genet.Cytol. 9, pp.482—89. 

OKADA, S. (1970), "Cells", Radiation Biochemistry 1, Academic Press, New York, p.353. 

O'KEEFE, R.B., WERNER, H.O., MIYOSKI, R.T. (1959), The national potato-breeding programme 1959, 
US Dept.Agric., pp. 130-46. 

OLENOV, J.M. (1939), New data on spontaneous mutations, Nature (London) 1 4 3 , pp .858-59. 

OLMO, H.P. (1960), Symposium on Mutation and Plant Breeding, Cornell University, 1960, Quoted from 
W.R. Singleton (1962), Elementary Genetics, Van Nostrand, Princeton, 576 pp. 

OLMO, H.P. (1960a), Plant breeding programme aided by radiation treatment, Calif.Agr. 14. 

OLSEN, F.J. (1958), An evaluation of the salt tolerance of particular varieties, strains, and selections of three 
grasses and two legumes, Abstract Thesis Utah State University, 1958/6, No.3, p.27 

OLSEN, F.J. (1959), WSC releases Alkar, a salt-tolerant wheat grass, Seed Wld 8 4 , 8, p.28. 

OLSON, W.J., HEIGES, M.W. (1962), Application of a dye-binding technique to routine barley protein analysis, 
Proc.Am.Soc.Brew.Chem. pp.58—63. 

OPATRNY, Z. (1973), Effect of N-methyl-N-nitrosourea and N-methyl-N-nitrosourethane upon the growth of 
tissue cultures of Nicotiana tabacum. Biol.Plant. 15, pp.179—88. 

ORLOV, A.A. (1936), Cereals, Flora of Cultivated Plants (WULF, E.V., Ed.) 2, Moscow-Leningrad. 

262 



OSBORNE, T.S., BACON, J.A. (1961), Two improved and inexpensive systems for moisture stabilization in seeds or 
other tissues, Pl.Physiol. 36, pp .309-12 . 

OSBORNE, T.S., LUNDEN, A.O. (1961), The Cooperative Plant and Seed Irradiation Program of the University of 
Tennessee, Int.J.Appl.Radiat.Isot. 10, pp. 198-209. 

OSBORNE, T.S., LUNDEN, A.O. (1965), "Prediction of seed radiosensitivity from embryo structure", The Use of 
Induced Mutations in Plant Breeding (Rep.FAO/IAEA Tech.Meeting Rome, 1964), Pergamon Press, Oxford, 
pp .133-49 . 

OSBORNE, T.S., LUNDEN, A.O., CONSTANTIN, M.S. (1963), Radiosensitivity of seeds, III. Effects of pre-
irradiation humidity and gamma-ray dose on seeds from five botanical families, Radiat.Bot. 3, pp.19—28. 

OSONE, K. (1963), Studies on the developmental mechanism of mutated cells induced in irradiated rice seeds, Jpn. 
J.Breed. 13, pp .1 -13 . 

OSTERMAYER, A. (1934), Pflanzenziichtung auf Widerstandsfahigkeit gegen Trockenperioden, Zuechter 6, 
pp .155-62 . 

OU, S.H. (1971), "Disease resistance in rice", Mutation Breeding for Rice Resistance (Proc.Panel Vienna, 1970), 
IAEA, Vienna, pp .79-92 . 

OUNG, T.Y. (1965), Studies of using early mutants induced by irradiation in rice genetics and breeding, J.Agric. 
For.(China) 14, pp. 1 — 12. 

OUYANG, T.-W., HU, H., CHUANG, C.-C., TSENG, C.-C. (1973), Induction of pollen plants from anthers of 
Triticum aestivum L. cultured in vitro, Sci.Sin. 16, pp.79—95. 

OVERBECK, J. van (1936), "Lazy", an a-geotropic form of maize, J.Hered. 27, pp .93 -96 . 

PAG (1975), Guideline No.16 on Protein Methods for Cereal Breeders as related to Human Nutritional Requirements, 
UN Protein Calorie Advisory Group, UN, New York. 

PAINTER, R.H. (1951), Insect Resistance in Crop Plants, MacMillan, New York. 

PALENZONA, D.L. (1961), Effetti della selezione intrasomatica in relazione agli effetti mutageni delle radiazioni 
ionizzanti sui caratteri poligenici, Genet. Agr. 8, pp.390—96. 

PALENZONA, D.L. (1963), Conseguenze del trattamento del seme con raggi X in T.aest.vulgare, Atti Ass.genet.ital., 
Padua 8, pp .314-21 . 

PALENZONA, D.L. (1964), Confronto tra gli effetti delle radiazioni ionizzanti sulla variability genetica e ambientale 
del frumento esaploide e tetraploide, Genet.Agr. 18, pp.195—202. 

PALENZONA, D.L. (1965), Stima della varianza dovuta all 'effetto ambientale nell'analisi di tipo gerarchico. 
Genet.Agri. 19, pp .338-50 . 

PALENZONA, D.L., SCOSSIROLI, S. (1962), Ricerche sulla mutabilita poligenica indotta nel mais, Atti Ass. 
genet. Ital., Padua 7, pp .257-65 . 

PANDEY, K.K. (1956), Mutation of self-incompatibility alleles in Trifolium pratuse and T.repens, Genetics 41, 
pp.327—43. 

PANDEY, K.K. (1965), Centric chromosom fragments and pollen-part mutation of their incompatibility gene in 
Nicotiana alata. Nature (London) 206, pp.762—95. 

PATE, J.B., DUNCAN, E.N. (1963), Mutations in cotton induced by gamma-irradiation for pollen, Crop Sci. 
3, pp. 136-38. 

PATRICK, M.H., HAYNES, R.H. (1964), Dark recovery phenomena in yeast. II. Conditions that modify the 
recovery process, Radiat.Res. 23, pp.564—79. ' 

PAXMAN, G.J. (1957), A study of spontaneous mutation in Drosophila melanogaster, Genetica 29, pp.39—57. 

PERSON, C., SIDHU, G. (1971), "Genetics of host-parasite interrelationships", Mutation Breeding for Disease 
Resistance (Proc.Panel Vienna, 1970), IAEA, Vienna, pp .31 -38 . 

PERSSON, G. (1969a, b), An attempt to find suitable genetic markers for dense ear loci in barley I, Hereditas 62, 
pp .25 -97 ; (b) An attempt to find suitable genetic markers for dense ear loci in barley II, Hereditas 63, pp. 1 - 2 8 . 

PERSSON, G., HAGBERG, A. (1969), Induced variation in a quantitative character in barley. Morphology and 
cytogenetics of erectoides mutants, Hereditas 61, pp.115—78. 

263 



PETERSON, P.A. (1960), The pale green mutable system in maize, Genetics 45, pp .115-33 . 

PETRY, E. (1921), Zur Kenntnisder Bedingungen der biologischen Wirkung der Rontgenstrahlen. I. Mitteilung, 
Biochem.Z. 119, pp .23-44 . 

PFEIFER, R.P. (1965), "The use of an induced mutation to develop a winter barley variety", The Use of Induced 
Mutations in Plant Breeding (Rep.FAO/IAEA Tech. Meeting Rome, 1964), Pergamon Press, Oxford, pp .573-78 . 

PHILIP, J., HUSKINS, C.L. (1931), The cytology of Matthiola incana R.Br, especially in relation to the inheritance 
of double flowers, J.Genet. 24, pp .359-404 . 

P1CARD, E., BUYSER, J. de (1973), Obtention de plantules haplo'ides de Triticum aestivum L. a partir de cultures 
d'antheres in vitro, C.R. Acad.Sci.Paris 277, pp .1463-66 . 

PIMENOVA, L.V. (1963), A new variety of soft spring wheat, Selekcija Semenov. 28, pp .46-48 . 

PISSAREV, V. (1933), Kartoffelselektion auf Kiilteresistenz, Z.Pflanzenzuecht. 18, pp .582-94 . 

PLANT BREEDING ABSTRACT 32, 222. (1960), The Department of Agriculture, Stock and Fisheries in 1959, 
Surinaam.Landb. 8, 300 pp. 

PLARRE, W., PORSCHE, W. (1961), Ziichtungsarbeiten an Lupinus polyphyllus Lindl.zur Nutzung als Futterpflanze, 
Z.Pflanzenzuecht. 46, pp .67-97 . 

PLOUGH, H.H. (1941), Spontaneous mutability in Drosophila, Cold Spring Harbor Symp. Quant.Biol. 9, pp .127-37 . 

POLLARD, E.C. (1959), Radiation inactivation of enzymes, nucleic acids, and phage particles, Rev.Mod.Phys. 
31, pp.273—81. 

POLLARD, E.C. (1969), The biological action of ionizing radiation, Am.Sci. 57, pp .206-36 . 

POLLARD, E.C., SETLOW, R.B. (1964), Molec.Biophys., Addison-Wesley, Reading, Mass., pp .339-42 . 

POLLHAMER, E. (1958), Experiments to produce mutations of spring barley, Novenytermeles 7, pp .11 -26 . 

POLLHAMER, E. (1959), "Some problems of barley breeding," Proc.Jubilee Scientific Conf.Hungarian Scient.Acad. 
Agric.Research Inst., pp .335-70 (Pl.Breed.Abst. 32, 137, 572). 

POLLHAMER, E. (1961), Az arpa lisztharmat-rezisztencia-nemesites nehany kerdese, Diss.Martonvasar 1960: 
Hung.Agric.Rev. II 4, p.137 (Pl.Breed.Abst. 31). 

POMERANZ, Y. (1971), Wheat Chemistry and Technology, Am.Assoc.Cereal Chemists, St.Paul, Minnesota, 2nd ed. 

PONTECORVO, G. (1959), Trends in Genetic Analysis, Oxford University Press, Oxford. 

PORCEDDU, E., SCARASCIA-MUGNOZZA, G.T. (1974), "Seedling growth characteristics in varieties, mutant lines 
and crosses of durum wheat", Polyploidy and Induced Mutations in Plant Breeding (Proc.Meeting Bari, 1972), 
IAEA, Vienna, pp .261-73 . 

PORSCHE, W. (1963), Mutationsversuche mit weissen Lupinen (Lupinus albus L.) I. Rontgen-Bestrahlung der 
Sorte "neutra", Zuechter 33, pp.33—9. 

POTRYKUS, I. (1973), Transplantation of chloroplasts into protoplasts of Petunia, Z.Pflanzenphysiol. 70, 
pp .364-66 . 

POTRYKUS, I., HOFFMANN, F. (1973), Transplantation of nuclei into protoplasts of higher plants, Z.Pflanzen-
physiol. 69, 287-89 . 

POTSCH, J. (1966a), Uber die Auslosung extramutativer Strahlungseffekte an Klonsorten von Euphorbia pulcherrima 
Willd, Zuechter 36, pp .12-25 . 

POTSCH, J. (1966b), Das Verhalten von Abutilon hybridum "Andenken an Bonn" nach einmaliger und fraktionierter 
Rontgenbestrahlung, Pflanzenzuecht. 55, pp.183—200. 

POWELL, J.B., BURTON, G.W. (1965), Genetic and cytogenetic effects of recurrent thermal neutron and ethyl 
methanesulfonate treatments on ten inbred lines of pearl millet (Pennisetum typhoides),, Agron.Abst., p.17. 

POWER, J.B., CUMMINGS, S.E., COCKING, E.C. (1970), Fusion of isolated plant protoplasts, Nature (London) 
225, pp .1016-18. 

PRATT, C. (1963), Radiation damage and recovery in diploid and cytochimeral varieties of apples, Radiat.Bot. 
3, pp. 193-206. 

264 



PRATT, C. (1967), Auxiliary buds in normal and irradiated apple and pear, Radiat.Bot. 7, pp .113-22. 

PRATT, C. (1968), Radiation damage in shoots of sweet cherry (Prunus avium, L.), Radiat.Bot. 8, pp .297-306. 

PREER, J. R., Jr. (1971), Extrachromosomal inheritance: Hereditary Symbionts, mitochondria, Chloroplasts, Ann. 
Rev.Genet. 5, pp.361-406. 

PRICE, C.C. (1958), Ann.NY Acad.Sci. 68, p.663. 

PRIVALOV, G.F. (1967), "Experimental mutations in woody plants", Induced Mutations and Their Utilization, 
Proc.Symp.Erwin-Bauer-Gedachtnisvorlesungen IV, Gatersleben, 1966, Akademie-Verlag, Berlin, pp.383-86. 

Proc.Conf.Mechanisms of the Dose Rate Effect of Radiation at the Genetic and Cellular Levels, Oisa, Japan, Jpn.J. 
Genet. (Suppl) 4 0 ( 1 9 6 5 ) . 

PURDY, LAURENCE, H., LOEGER1NG, W.Q., KONZAK, C.F., PETERSON, C.J., ALLAN, R.E. (1968), 
A proposed standard method for illustrating pedigrees of small grain varieties, Crop Sci. 8, pp.405—06. 

RACINSKY, T (1963), Drought-resistant kidney bean varieties for our agriculture, Kooper.Zemed. 2, pp.20—22 
(PI.Breed.Abst. 33, No.5285). 

RACKER, E. (1952), Spectrophotometric measurements of the metabolic formation and degradation of thiol 
esters and enediol compounds, Biophys.Biochim.Acta 9, pp.577—79. 

RAHMAN, M.M., HAQ, M.S., MANSUR, M.A., RAHMAN, M.A. (1973), New high-yielding rice mutants, Int.Rice 
Comm. Newslett. 22 3, pp .29-31 . 

RAI, U.K. (1959), "Thickened pods" — a morphological recessive mutant in X-ray treated Brassica juncea, 
Sci.Culture 2 4 , p. 534. 

RAKOW, G. (1973), Selektion auf Linol- und Linolsauregehalt in Rapssamen nach mutagener Behandlung, Z. 
Pflanzenzuecht. 69, pp .62-88. 

RAKOW, G., McGREGOR, D.I. (1973), Opportunities and problems in modification of levels of ripe seed 
Ci8 unsaturated fatty acids, J.Am.Oil Chem.Soc. 50, pp .400-3 . 

RAKOW, G., THIES, W. (1972), Schnelle und einfache Analysen der Fettsaurezusammensetzung in einzelnen 
Raps-Kotyledonen. II. Photometrie der Polyenfettsauren, Z.Pflanzenzuecht. 67, pp.257—66. 

RAKSHIT, S.C. (1967), Induced male sterility in Jute (Corchorus capsularis L.), Jpn.J.Genet. 42, pp .139-43. 

RAMAGE, T . (1964), "Chromosome aberrations and their use in genetics and breeding-translocations," PTOC. 
1st lnt.Barley Gen.Symp., Wageningen, pp.99-115. 

RAMAGE, T. (1965), Balanced tertiary trisomies for use in hybrid seed production, Crop Sci. 5, pp .177-78. 

RAMANNA, M.S., NATARAJAN, A.T. (1965), Studies on the relative mutagenic efficiency of alkylating agents 
under different conditions of treatment, Ind.J.Genet.PI.Breed. 25, pp.24—45. 

RAMIAH, K., PARTHASARATHY, N. (1936), An ageotropic mutation in X-rayed rice, Curr.Sci. 5, pp .135-36. 

RANA, R.S., SWAMINATHAN, M.S. (1967), Relationship between chimeras and mutations induced by 60Co--y-rays 
and 2 MeV fast neutrons at specific loci in bread wheats, Radiat.Bot. 7, pp.543—48. 

RAO, J.T., SRINIVASAN, K.V., ALEXANDER, K.C. (1966), A red-rot resistant mutant of sugarcane induced by 
gamma irradiation, Proc.Ind.Acad.Sci., Sect.B 64, pp .224-30. 

RAPOPORT, I.A., ZOZ, N.N., MAKAROVA, S.I., SALNIKOVA, T.V. (1966), Supermutagenes, Nauka, Moscow, 
272 pp. 

RASMUSON, B. (1962), Evidence for a compound nature of the mutant alleles Wa and IV1 in Drosophila melanogaster, 
Hereditas 4 8 , pp .612-18. 

RAWLINGS, J.O., HANWAY, D.G., GARDNER, C.O. (1958), Variation in quantitative characters of soybeans 
after seed irradiation, Agron.J. 4 0 , pp.524—28. 

REDDICK, D. (1930), Frost tolerant and blight resistant potatoes, Phytopathology 2 0 , 987 -91 . 

REIMANN-PHILIPP, R. (1955), Genetische Untersuchungen an den Tetraden einer hoheren Pflanze (Salpiglossis 
variabilis), Z.Indukt.Abstamm.VererbLehre, 87, pp.187-207. 

REINER, B„ ZAMENHOF, S. (1957), J.Biol.Chem. 228, p.475. 

265 



REINIG, W.C. (1968), Advantages and applications of 2s2Cf as a neutron source, Nucl.Appl. 5, p.24. 

Report on agricultural research in the Netherlands 1957, 1958 (1960) Pl.Bieed.Abst. 30, No.2324. 

RESPONDEK, V. (1958), Naturwissenschaften 45, p.555. 

REUSCH, J.D.H. (1960), The effects of gamma radiation on crosses between Lolium perenne and Festuca pratensis, 
Heredity 14, pp .51-59 . 

REVELL, S.H. (1959), The accurate estimation of chromatid breakage, and its relevance to a new interpretation of 
chromatid aberrations induced by ionizing radiations, Proc.R.Soc., Ser.B 150, pp.563—89. 

REVELL, S.H. (1966), Evidence for a dose-squared term in the dose response curve for real chromatid discontinuities 
induced by X-rays, and some theoretical consequences thereof, Mutat.Res. 3, pp.34—53. 

RHOADES, M.M. (1936), A cytogenetic study of a chromosome fragment in maize, Genetics 21, pp .491-502 . 

RHOADES, M.M. (1940), Studies of a telocentric chromosome in maize with reference to the stability of its 
centromere, Genetics 25, pp.483—520. 

RHOADES, M.M. (1941), The genetic control of mutability in maize, Cold Spring Harbor Symp.Quant.Biol. 9, 
pp.138—44. 

RHOADES, M.M. (1945), On the genetic control of mutability in maize, Proc.Natl.Acad.Sci.N.S. 31, pp .91 -95 . 

RHOADES, M.M. (1950), Gene induced mutation of a heritable cytoplasmic factor producing male sterility in 
maize, Proc.Natl.Acad.Sci.N.S. 36, pp .634-35 . 

RHOADES, M.M. (1951), Duplicate genes in maize, Am.Nat. 85, pp .105-10 . 

RHOADES, W.A., PLATT, W.B. (1971), Beta radiation damage to vegetation from close-in fallout from two 
nuclear detonations, Bioscience 21, pp.1121—24. 

RHODES, A.P., JENKINS, G. (1975), Feeding quality in barley, Plant Breeding Institute Am.Rep., Cambridge, 
pp .87-88 . 

RICHTER, A., SINGLETON, W.R. (1955), The effect of chronic gamma radiation on the production of somatic 
mutations in carnations, Proc.Natl.Acad.Sci. USA 41, pp.295—300. 

RICK, C.M., KUSH, G.S. (1966), "Chromosome engineering in Lycopersicon", Chromosome Manipulations and 
Plant Genetics, Oliver & Boyd, Edinburgh, pp .8 -20 . 

RILEY, R. (1968), "The basic and applied genetics of chromosome pairing", Proc.3rd Int.Wheat Genet.Symp., 
Aust.Acad.Sci.Canberra, pp.185—95. 

i 
RILEY, R. (1974), Cytogenetics of chromosome pairing in wheat, Genetics 78, pp.193—203. 

RILEY, R., CHAPMAN, V., BELFIELD, A.M. (1966), Induced mutations affecting the control of meiotic chromo-
some pairing in Triticum aestivum, Nature (London) 211, pp.368—69. 

RILEY, R., CHAPMAN, V., JOHNSON, R. (1968), Introduction of yellow rust resistance of Aegilops comosa 
into wheat by genetically induced homoeologous recombination, Nature (London) 217, pp.383—84. 

RJUB, V.K. (1962), The spring wheat Vesna, Selek.Semenov. 27, pp .42-44 . 

ROBBELEN, G. (1972), "Selection for oil quality in rapeseed", Way Ahead in Plant Breeding (Proc.Congr. 
EUCARPIA Cambridge, 1971), Plant Breeding Institute, Cambridge, pp .207-14 . 

ROBBELEN, G. (1973), Der gegenwartige Stand der Zuchtung von Erucasaure-, Linolensaure- und Gluco-
sinolatarmen Rapssorten, Qual.Plant. 23, pp.221—38. 

ROBINSON, R.A. (1971), "The value of vertical resistance in agriculture", Mutation Breeding for Disease Resistance 
(Proc.Panel Vienna, 1970), IAEA, Vienna, pp .39-44 . 

ROEMER, Th., RUDORF, W. (1962), Handbuch der Pflanzenzuchtung VI, Verlag Paul Parey, Berlin-Hamburg, 
2nd ed. 

ROGERS, J.S., EDWARDSON, J.R. (1952), The utilization of cytoplasmic male-sterile inbreds in the production 
of corn hybrids, Agron.J. 44, pp.8—13. 

ROMANCUK, M.N. (1959), A new variety of cigarette tobacco, Tabak 1959, No. 3, p.45. 

266 



ROMER, F.W., MICKE, A. (1974), "Combining ability and heterosis of radiation-induced mutants of Melilotus 
albus Des.", Polyploidy and Induced Mutations in Plant Breeding (Proc.Meeting Bari, 1972), IAEA, Vienna, 
pp .275-76 . 

ROSS, J.G. (1965), "Somatic chromosome reduction and spectrum mutational effects after colchicine treatment 
of sorghum", The Use of Induced Mutations in Plant Breeding (Rep.FAO/IAEA Tech.Meeting Rome, 1964), 
Pergamon Press, Oxford, pp. 193-203. 

ROSS, W.C.J. (1953), The chemistry of cytotoxic alkylating agents, Adv.Cancer Res. 1, pp .397-449 . 

ROSS, W.C.J. (1962), Biological Alkylating Agents, Butterworths, London. 

ROSS, W.C.J. (1968), In vitro reactions of biological alkylating agents, Ann.N.Y.Acad.Sci. 68, p.669. 

ROSS, W.C.J., DAVIS, W. (1957), J.Chem.Soc., p.2420. 

ROSSI, H.H. (1966), "Microdosimetry", Biophysical Aspects of Radiation Quality, Technical Reports Series 
No.58, IAEA, Vienna, pp .81-95 . 

RUCZKOWSKI, M. (1958), Studies on buckwheat. VII. Investigations on obtaining forms of buckwheat and 
millet less susceptible to spring-cold, Hodowla RoSl.Aklim.Nasienn. 2, pp.687—95. 

RUDOLPH, T. (1965), "The effect of gamma irradiation of pollen on seed characteristics in white spruce", 
The Use of Induced Mutations in Plant Breeding (Rep.FAO/IAEA Tech.Meeting Rome, 1964), Pergamon Press, 
Oxford, pp .185-91 . 

RUDORF, W. (1958), "Frostresistenz", Handbuch der Pflanzenziichtung III (Roemer-Rudorf), Verlag Paul Parey, 
Berlin-Hamburg, pp. 131 - 3 4 . 

RUDORF, W., WOHRMANN, K. (1963), Versuche zur Auslosung von Mutationen durch Co60-Bestrahlung auf 
vorgetriebene Augenkeime bei der Kartoffel, Z.Pflanzenzuecht. 49, pp .397-414 . 

RUSSELL, W.A., SPRAGUE, G.F., PENNY, L.H. (1963), Mutations affecting quantitative characters in long-time 
inbred lines of maize, Crop.Sci. 3, pp. 175—78. 

RUSSELL, W.L. (1963), "The effect of radiation dose rate and fractionation on mutation in mice", Repair from 
Genetic Radiation (SOBELS, F.H. Ed.), Pergamon Press, Oxford, pp .205-17 . 

RYEN, G.S., HESLOT, H. (1963), Mutations somatiques induites par des agents mutagenes chimiques et des 
rayonnements gamma chez des plantes d'orge heterozygotes pour des deficiences chlorophylliennes, Annls.Amel.Pl. 
13, pp.297—306. 

SADIK, S., OKEREKE, O.U., HAHN, S.K. (1974), Screening for acyanogenesis in Cassava, Tech.Bull. No.4, 
Int.Inst, of Tropical Agriculture Ibadan, Nigeria. 

SAGAWA, Y., MEHLOUIST, G.A.L. (1957), The mechanism responsible for some X-ray induced changes in the 
flower colour of the carnation, Dianthus caryophyllus, Am.J.Bot. 44 , pp.397—403. 

SAGAWA, Y., MEHLQUIST, G.A.L. (1959), Some X-ray-induced mutations in the carnation, Dianthus caryophyllus, 
J.Hered. 50, pp .78-80 . 

SAGER, Ruth (1971), Cytoplasmic Genes and Organelles, Academic Press, New York. 

SAKAI, K.I., SUZUKI, A. (1964), Induced mutation and pleiotropy of genes responsible for quantitative characters 
in rice, Radiat.Bot. 4, pp .141-51 . 

SAND, S.A., SPARROW, A.H., SMITH, H.H. (1960), Chronic gamma irradiation effects on the mutable V and 
stable R loci in a clone of Nicotiana, Genetics 45, pp .289-308 . 

SANDSTEDT, R.M. (1946), Photomicrographic studies of wheat starch. I. Development of the starch granules, 
Cereal Chem. 23, pp .337-59 . 

SANDSTEDT, R.M., STRAHAN, Donna, UEDA, S., ABBOT, R.C. (1962), The digestibility of high-amylose com 
starches compared to that of other starches.. The apparent effect of the ae-gene on susceptibility to amylase action, 
Cereal Chem. 39, pp.123—31. 

SANTOS, I.S. (1965), "Reduction of sensitivity to Co60 gamma rays in Phaseolus aureus Roxb through pre- or 
post-irradiation heat treatment of the seed", The Use of Induced Mutations in Plant Breeding (Rep.FAO/IAEA 
Tech.Meeting Rome, 1964), Pergamon Press, Oxford, pp .263-71 . 

267 



SARVELLA, P., NILAN, R.A., KONZAK, C.F. (1962), Relation of embryo structure, node position, tillering and 
depth of planting to the effects of X-rays in barley, Radiat.Bot. 2, pp .89 -108 . 

SATO, M., GAUL, H. (1967), Effect of ethyl methanesulfonate on the fertility of barley, Radiat.Bot. 7, p p . 7 - 1 5 . 

SAVIN, V.N., SWAMINATHAN, M.S., SHARMA, B. (1968), Enhancement of chemically induced mutation frequency i 
in barley through alteration in the duration of presoaking of seeds, Mutat.Res. 6, pp.101—07. 

SAX, K. (1938), Chromosome aberrations induced by X-rays, Genetics 23, pp .494-516 . 

SAX, K. (1939), Time factor in X-ray production of chromosome aberrations, Proc.Natl. Acad.Sci. USA 25, 
pp.225—33. 

SAX, K. (1941), The behavior of X-ray induced chromosomal aberrations in Allium root tip cells, Genetics 26, 
pp.418—25. 

SAX, K. (1955), The effect of ionizing radiation on plant growth, Am.J.Bot. 42, pp .360-64 . 

SAX, K. (1962), Aspects of aging in plants, Ann.Rev.Pl.Physiol.l 3, pp .489-506 . 

SAX, K. (1963), The stimulation of plant growth by ionizing radiations, Radiat.Bot. 3, pp.179—86. 

SAX, K., SAX, H.J. (1964), The effect of chronological and physiological aging of onion seeds on the frequency of 
spontaneous and X-ray induced chromosome aberrations, Radiat.Bot. 4, pp.37—41. 

SCARASCIA-MUGNOZZA, G.T. (1965), "Induced mutations in breeding for lodging resistance", The Use of 
Induced Mutations in Plant Breeding (Rep.FAO/IAEA Tech.Meeting Rome, 1964), Pergamon Press, Oxford, 
pp .537 -58 . 

SCARASCIA-MUGNOZZA, G.T. (1966a), Mutazioni indotte e miglioramento genetico delle piante agrarie, Genet. 
Agr. 22, pp. 1 4 0 - 7 8 . 

SCARASCIA-MUGNOZZA, G.T. (1966b), "Mutation breeding in Triticum durum", Induced Mutations and Their 
Utilization, Proc.Symp. Erwin-Bauer-Gedachtnisvorlesungen IV, Gatersleben, 1966, Akademie-Verlag, Berlin, 
pp.205 —10. 

SCARASCIA-MUGNOZZA, G.T. (1966c), "Research on mutation breeding in durum wheat", Mutations in Plant 
Breeding, (Proc.Panel Vienna, 1966), IAEA, Vienna, pp. 191 -96 . 

SCARASCIA-MUGNOZZA, G.T. (1968), Due linee di f rumento duro ottenute per mutazione radioindotta: 
Castelporziano (CNEN) e Castelfusano (CNEN), Notiz. CNEN 14 4, pp .37 -42 . 

SCARASCIA-MUGNOZZA, G.T., MONTI, L.M. (1966), Effects of recurrent mutagenic treatment in durum wheat, 
Mutat.Res. 3, pp .298-304 . 

SCARASCIA-MUGNOZZA, G.T., BAGNARA, A., BOZZINI, A. (1972), "Mutagenesis applied to durum wheat" , 
Induced Mutations and Plant Improvement (Proc.Meeting Buenos Aires, 1970), IAEA, Vienna, pp.183—98. 

SCARASCIA-MUGNOZZA, G.T., AVANZI, S.S., BOZZINI, A., CERVIZNI, T„ D'AMATO, F„ DONINI, B., 
GIACOMELLI, M. (1961), "Effects of radiations and chemical mutagens in durum and bread wheat", Effects of 
Ionizing Radiations on Seeds (Proc.Conf.Karlsruhe, 1960), IAEA, Vienna, pp.387—401. 

SCHAIBLE, L.W. (1962), "Fruit setting responses of tomatoes to high night temperature", Proc.Plant Science 
Symp.Camden, New Jersey, p.229. 

SCHALLER, C.W., BRIGGS, F.N. (1955), Inheritance of resistance to mildew Erysiphe graminis hordei, in the 
barley variety, Black Russian, Genetics 40, pp.421—28. 

SCHEIBE, A. (1959a), "Panicum- und Setaria-Hirsen", Handbuch der Pflanzenziichtung II (Roemer-Rudorf), Verlag 
Paul Parey, Berlin-Hamburg, pp .532-64 . 

SCHEIBE, A. (1959b), "Mutationsauslosung durch Chemikalien bei Gerste und Weizen", Proc.2nd Congr.European 
Association for Research in Plant Breeding, Cologne, pp.69—75. 

SCHEIBE, A., HULSMANN, G. (1958), Mutationsauslosung durch Chemikalien beim Steinklee (Melilotus albus), 
Z.Pflanzenzuecht. 39, pp .299-324 . 

SCHEIBE, A., MICKE, A. (1967), "Experimentally induced mutations in leguminous forage plants and their 
agronomic value", Induced Mutations and Their Utilization, Proc.Symp.Erwin-Bauer-Gedachtnisvorlesungen IV, 
Gatersleben, 1966, Akademie-Verlag BerUn, pp .231-36 . 

268 



SCHEIFELE, G.L., NELSON, R.R., KOONS, C. (1969), Male sterile cytoplasm conditioning susceptibility of 
resistant inbred lines of maize to yellow leaf blight, Pl.Dis.Rep. 53, pp .656-59 . 

SCHIEBLICH, J. (1951), Beitrage zur Ziichtungvon Esparsette, Zuechter 21, pp .132-36 . 

SCHIEDER, O. (1975), Regeneration von haploiden und diploiden Datura innoxia Mill. Mesophyll-Protoplasten zu 
Pflanzen, Z.Pflanzenphysiol. 76, pp.462—66. 

SCHIPFER, L. (1958/59), Wieweit sind unsere Tabaksorten kaltefest? Tabakpfl.Oest. 10, pp .9 -11 . 

SCHMALZ, H. (1960), Der Einfluss von Gibberellin auf eine "knotenlose" Sommergersten-Mutante, Zuechter 30, 
pp.81—83. 

SCHMALZ, H., METTIN, D. (1965), Beziehungen zwischen Entwicklungsstadium und Gibberellin-Sensibilitat bei 
der Sommergerste, Zuechter, 35, pp.72—79. 

SCHOLZ, F. (1957), Mutationsversuche an Kulturpflanzen VII. Untersuchungen iiber den zuchterischen Wert 
rontgeninduzierter Mutanten verschiedener Merkmalsgruppen bei Sommer- und Wintergerste, Z.Pflanzenzuecht. 38, 
pp.181-220. 

SCHOLZ, F. (1960), Qualitatsprobleme in der Futtergerstenzuchtung dargestellt an Ergebnissen von Mutations-
versuchen, Z.Pflanzenzuecht. 44, pp.105—28. 

SCHOLZ, F. (1965), "Experiments on the use of induced mutants to hybridization breeding in barley", Proc. 
Symp.Induction of Mutations and the Mutation Process, Czechoslovak Akademy of Sciences, Prague, pp.73—79. 

SCHOLZ, F., LEHMANN, C.O. (1958), Die Gaterslebener Mutanten der Saatgerste in Beziehung zur Formen-
mannigfaltigkeit der Art Hordeum vulgare L. s. I.I., Kulturpflanze 6, pp. 123—66. 

SCHOLZ, F., LEHMANN, C.O. (1959), Die Gaterslebener Mutanten der Saatgerste in Beziehung zur Formen-
mannigfaltigkeit der Art Hordeum vulgare L. s.l.II, Kulturpflanze 7, pp.218—55. 

SCHOLZ, F., LEHMANN, C.O. (1961), Die Gaterslebener Mutanten der Saatgerste in Beziehung zur Formen-
mannigfaltigkeit der Art Hordeum vulgare L. s. 1 .III, Kulturpflanze 9, pp.230—72. 

SCHOLZ, F., LEHMANN, C.O. (1962), Die Gaterslebener Mutanten der Saatgerste in Beziehung zur Formen-
mannigfaltigkeit der Art Hordeum vulgare L. s. 1 .IV, Kulturpflanze 10, pp.312—34. 

SCHULER, J.F., SPRAGUE, G.F. (1956), Natural mutations in inbred lines of maize and their heterotic effect. II. 
Comparison of mother line vs. mutant when outcrossed to unrelated hybrids, Genetics 41, pp.281—91. 

SCHULZ, R.K. (1971), "Survival and yield of crop plants following beta irradiation", Survival of Food Crops and 
Livestock in the Event of Nuclear War, USAEC Rep.CONF-700909, pp .370-95 . 

SCHULZ, R.K., BALDAR, N. (1972), Effects of beta radiation on wheat, peas, and lettuce exposed by foliar 
contamination with water soluble y t t r ium-90 , Radiat.Bot. 12, pp .77 -86 . 

SCHULZ-SCHAEFFER, J. (1970), A possible source of cytoplasmic male sterility in intermediate wheat grass, 
Agropyron intermedium, Crop.Sci. 10, pp.204—5. 

SCHWARZBACH, E. (1975), "The pleiotropic effects of the ml-o gene and their implications in breeding," 
Barley Genetics III (Proc.Symp. Griinbach, 1975), (in press). 

SCHWINGHAMER, E.A. (1959), Induced mutations of pathogens for the study of host-parasite interactions, PI.Path. 
Problems and Progress, pp. 192-201. 

SCOSSIROLI, R.E. (1953), "Effectiveness of artificial selection under irradiation of plateaued populations of 
D.melanogaster," Proc.Symp.Genetics of Pop.Struct.Padua, pp.42—66. 

SCOSSIROLI, R.E. (1954), "Effectiveness of artificial selection under irradiation of plateaued populations of 
Drosophila melanogaster," Symp.Genetics of Population Structure, USIB Publ.Ser.B, 15, pp .42 -66 ; and "Artificial 
selection of a quantitative trait in Drosophila melanogaster under increased mutation rate", Atti IX Congr.Int. 
Genetica, Caryologia, Suppl. 2, pp.861—64. 

SCOSSIROLI, R.E. (1960), Caratteri quantitativi e mutabilita poligenica, Atti Ass.Genet.Ital., Padua, 5, pp .9 -38 . 

SCOSSIROLI, R.E. (1962), "Effects of ionizing radiations on variability in corn", Strahlenwirkung und Milieu 
(FRITZ-NIGGLI, H., Ed.), Urban und Schwarzenberg, Munich and Berlin, pp. 156-59 . 

269 



SCOSSIROLI, R.E. (1963), Mennyisegi jellegek oroklese es populaciogenetikai valtozekonysaga novelesenek 
eszkozei (Inheritance of quantitative traits and means to increase the genetic variability in populations), M.T.A. 
Biologiai Tudomanyok Osztalyanak Kozlemenyei 6, pp .297-318 . 

SCOSSIROLI, R.E. (1965), "Value of induced mutations for quantitative characters in plant breeding", The Use 
of Induced Mutations in Plant Breeding (Rep.FAO/IAEA Tech.Meeting Rome, 1964), Pergamon Press, Oxford. 

SCOSSIROLI, R.E. (1966a), Wheat mutagenesis in quantitative traits (Wheat Genetics Symp.,Lund), Hereditas 
(Suppl.) 2, pp.85 —101. 

SCOSSIROLI, R.E. (1966b),Conseguenze sui caratteri quantitativi del trattamento dei semi con raggi X in 
T. durum. eterogeneita di progenie derivate da semi trattati e non trattati, Atti.Ass.Genet.Ital., Padua 11, pp. 147—60. 

SCOSSIROLI, R.E., PALENZONA, D.L., RUSMINI, B. (1961), "Radiation experiments on Triticum durum and 
T. aestivum vulgare", Effects of Ionizing Radiations on Seeds (Proc.Conf.Karlsruhe, 1960), IAEA, Vienna, 
pp.373—86. 

SCOSSIROLI, R.E., PALENZONA, D.L., SCOSSIROLI-PELLEGRINI, S. (1966), "Studies on the induction of new 
genetic variability for quantitative traits by seed irradiation and its use for wheat improvement", Mutations in 
Plant Breeding (Proc.Panel Vienna, 1966), IAEA, Vienna, pp. 197-229. 

SCOSSIROLI, R.E., SCOSSIROLI-PELLEGRINI, S. (1962), Use of radiation applied to seed to induce new 
genetic variability for quantitative traits in durum wheat (Symp.Genetics and Wheat Breeding), Agr.Res. Inst., 
Hung. Acad.Sci. pp .231-36 . 

SCOSSIROLI, R.E., SCOSSIROLI-PELLEGRINI, S. (1963), Analisi della variabilita fenotipica in progenie ottenute 
da semi trattati con raggi X e da semi non tratati in T. durum, Atti Ass.Genet.Ital., Padua 8, pp.303—13. 

SCOSSIROLI, R.E., SARTI, A. (1966), Analisi della variabilita genetica della medica dopo trattamenti con raggi X 
applicati al sme.l. Osservazioni sulla R i , Genet.Agr. 20, pp .332-29 . 

SCOSSIROLI, R.E., SCOSSIROLI, S. (1959), On the relative rate of mutation and recombination in response to 
selection for polygenic traits in irradiated populations of D. melanogaster, Int.J.Radiat.Bot. 1, pp.61—69. 

SEARS, E.R. (1952), The behavior of isochromosomes and telocentrics in wheat, Chromosoma 4, pp.551—62. 

SEARS, E.R. (1956a), "Weizen(7>ifiram L.). I. The systematics, cytology and genetics of wheat", Handbuch 
Pflanzenziichtung II, pp. 164-87. 

SEARS, E.R. (1956), The transfer of leaf rust resistance from Aegilops umbellulata to wheat, Brookhaven Symp. 
Biol.Genet.PI.Breed. 9, pp. 1 - 2 2 . 

SEARS, E.R. (1966), Chromosome mapping with the aid of telocentrics, Proc.2nd Int.Wheat Genetics Symp., 
Hereditas, Suppl. 2, pp .370-81 . 

SEARS, E.R. (1972), An induced homoeologous pairing mutant in Triticum aestivum, Genetics 80, p.574 (abstr.). 

SEARS, E.R., CAMARA, A. (1952), A transmissible dicentric chromosome, Genetics 37, pp .125-35 . 

SENGBUSCH, R. von, ZIMMERMANN, K. (1937), Die Auffindung der ersten gelben und blauen Lupinen 
(L. luteus und L. angustifolius) mit nichtplatzenden Hiilsen und die damit zusammenhangenden Probleme der 
Susslupinenziichtung, Zuechter 9, pp.57—65. 

SENGBUSCH, R. von (1938), Die Vererbung der Eigenschaft "Nichtplatzen" des Stammes 3535A (Lupinus luteus) 
und die Moglichkeit der Zuchtung von Siisslupinen mit nichtplatzenden Hiilsen, Zuechter 10, pp.219—20. 

SENGBUSCH, R. von (1942), Susslupinen und Ollupinen, Landw.J. 91, pp .720-880. 

SEREBROVSKY, A.S. (1929), A general scheme for the origin of mutations, Am.Nat. 63, pp .374-78 . 

SETLOW, R.B., POLLARD, E.C. (1962), Molecular Biophysics, Addison-Wesley, Reading, Mass. 

SEYFFERT, W. (1962), Uber Geninteraktionen bei der Ausbildung von BlUtenfarben, Rep.XVI Int.Hort.Congr., 
Brussels, pp. 1 — 11. 

SEYFFERT, W. (1963), Die Wirkung nichtalleler Interaktionen auf die Acylierung der Glykosidierung aus Anthocyan-
molekiilen, Ber.Dtsch.Bot.Ges. 76, pp .414-15 . 

SHAPIRO, S. (1956), "The Brookhaven radiation mutation program," Proc.Conf.Radioactive Isotopes in Agriculture, 
US Government Printing Office, Washington, pp .141-50 . 

270 



SHARMA, D., KNOTT, D.R. (1966), The transfer of leaf rust resistance from Agropyron to Triticum by irradiation, 
Can.J.Genet.Cytol. 8, pp. 137-43 . 

SHARMA, R.K., REINBERGS, E. (1973), "A cytogenetic analysis of a new male-sterility mutant in barley", 
Proc.2nd General Congr. SABRAO, New Delhi, 1973, p.87 (abstr.). 

SHARP, W.R., DOUGALL, D.K., PADDOCK, E.F. (1971), Haploid plantlets and callus from immature pollen 
grains of Nicotiana and Lycopersicon, Bull.TorreyBot.Club 98, pp .219-22 . 

SHARP, W.R., RASKIN, R.S., SOMMER, H.E. (1971), Haploidy in Lilium, Phytomorphology 21, pp .334-37 . 

SHARP, W.R., RASKIN, R.S., SOMMER, H.E. (1972), The use of nurse culture in the development of haploid 
clones in tomato, Planta 104, pp.357—61. 

SHAVER, D.L., SPARROW, A.H. (1962), The relationship between nuclear or chromosome volume and rate of 
radiation-induced somatic mutation in higher plants, Genetics 47, p.984. 

SHEBESKI, L.H., LAWRENCE, T. (1954), The production of beneficial mutations in barley by irradiation, Can. 
J.Agric.Sci. 34, pp .1 -9 . 

SHIMADA, T., SASKUMA, T., TSUNEWAKI, K. (1969), In vitro culture of wheat tissues. I. Callus formation, 
organ ^differentiat ion and single cell culture, Can.J.Genet.Cytol. 11, pp.294—304. 

SHIMOKAWA, M., et al. (1953), Progress in breeding the Miura radish, Bull.Hort.Section, Kanagawa Agric.Exper. 
Station 1, pp .9 -13 . 

SHIMOTSUMA, M. (1962), Irradiation experiments with grapes, Seiken Ziho 14, pp .102-03 . 

SHKVARNIKOV, P.K., MORGUN, V.V. (1974), "Mutations in maize induced by chemical mutagens", Polyploidy 
and Induced Mutations in Plant Breeding (Proc.Meeting Bari, 1972), IAEA, Vienna, 295 -302 . 

SHUMNY, V. K., SIDOROVA, K.K., BELOVA, L.A. (1970), Study of the heterozygous state of nine mutant genes 
in pea, Genetika 6, pp. 12—19. 

SIDD1Q, E.A., PURI, R.P., SINGH, V.P. (1968), Studies on growth and mutation frequency in rice in treatments 
with dimethyl sulphoxide and ethyl methanesulfonate, Curr.Sci. 37, pp .686-88 . 

SIDOROV, F.F. (1961), A collection of inbred lines of Netherlands and south European origin, Kukuraza, No.10, 
pp.60—61. 

SIDOROVA, K.K., KHVOSTOVA, V.V. (1972), "Investigation of the ecology of the mutant gene," Induced 
Mutations and Plant Improvement (Proc.Meeting Buenos Aires, 1970), IAEA, Vienna, 277—84. 

SIGURBJORNSSON, B. (1975), "Improvement of barley through induced mutation," Proc.3rd Int.Barley Genetics 
Symposium, Garching (in press). 

SIGURBJORNSSON, B., MICKE, A. (1969), "Progress in mutation breeding", Induced Mutations in Plants (Proc. 
Symp.Pullman, 1969), IAEA, Vienna, pp .673-98 . 

SIGURBJORNSSON, B., MICKE, A. (1974), "Philosophy and accomplishments of mutation breeding", Polyploidy 
and Induced Mutations in Plant Breeding (Proc.Meeting Bari, 1972), IAEA, Vienna, pp.303—43. 

SIMARAEV, G.E. (1961), Characteristics of carrot varieties cultivated in the lower Amu Darja region, Bull.Appl. 
Bot.Pl.Breed. 34, pp .166-71 . 

SINGH, B.B., GUPTA, S.C. (1973), "Induced male sterility in soybean", Proc.2nd General Cong. SABRAO, 
New Delhi, p.90 (abstr.). 

SINGH, C.B., BROCK, R.D., ORAM, R.N. (1974), Increased meiotic recombination by incorporated Triticum, 
Radiat.Bot. 14, pp. 139-45 . 

SINGLETON, W.R. (1965), A population study of mutations induced in maize seeds, Genetics 52, p.475 (abstr.). 

SINGLETON, W.R. (1969), "A new method for recovery of seed-induced mutations in maize", Induced Mutations 
in Plants (Proc.Symp.PuUman, 1969), IAEA, Vienna, pp .479-83 . 

SINGLETON, W.R., CASPAR, A.L., FLORY, W.S. (.1961), A cobalt machine for semi-acute irradiation of growing 
plants, Int.J.appl.Radiat.Isot. 10, pp .47-54 . 

SIRKS, M.J. (1931), Beitrage zueinergenotypischen Analyse der Ackerbohne (Vicia faba L.), Genetica 13, 
pp.210—631. 

271 



SJODIN, J. (1962), Some observations in X, and X2 of Vicia faba L. after treatment with different mutagens, 
Hereditas 48, pp .565-86 . 

SJODIN, J. (1964), Some unifoliata mutants in Vicia faba, Hereditas, 51, pp .279-90 . 

SJOSETH, H. (1959), Studies on winter-hardiness in red clover, Proc. 5th Ann.Meeting, Italian Society of Agricultural 
Genetics, Genetic.Agr. 11, pp. 160-72 . 

SL1ZYNSKA, H. (1938), Salivary chromosome analysis of the "White-Facet" region of Drosophila melanogasler, 
Genetics 23, pp .291-99 . 

SLIZYNSKA, H.'(1957), Cytological analysis of formaldehyde induced chromosomal changes in Drosophila 
melanogaster, Proc.Meeting R.Soc., Edinburgh 66, pp.288—304. 

SLONIMSKI, P.P., PERRODIN, G., CROFT, J.M. (1968), Ethidium bromide induced mutation of yeast: Complete 
transformation of cells into respiratory deficient non-chromosomal "petites", Biochem.Biophys.Res.Commun. 30, 
pp.232—39. 

SMITH, H.H. (1961a), "Mutagenic specificity and directed mutation", Mutation and Plant Breeding, NAS-NRC 891, 
pp .413-36 . 

SMITH, H.H. (1961b), "The reactor as a tool for research in plant sciences and agriculture", Programming and 
Utilization of Research Reactors, Academic Press, London, pp .425-38 . 

SMITH, H.H. (1966), "Relative biological effectiveness of different types of ionizing radiations: cytogenetic effects 
in maize", Mechanism of Mutation and Inducing Factors (LENGEROVA, A., Ed.), Prague, pp. 179-82 . 

SMITH, H.H. (1971), Broadening the base of genetic variability in plants, J.Hered. 62, pp .265-76 . 

SMITH, H.H. (1972), "Comparative genetic effects of different physical mutagens in higher plants", Induced 
Mutations in Plant Improvement (Proc.Meeting Buenos Aires, 1970), IAEA, Vienna, pp.75—93. 

SMITH, H.H. (1973), "Model genetic systems for studying mutation differentiation and somatic cell hybridization 
in plants", Polyploidy and Induced Mutations in Plant Breeding (Proc.Meeting Bari, 1972), IAEA, Vienna, 
pp .355-65 . 

SMITH, H.H., ROSSI, H.H. (1966), Energy requirements and relative biological effectiveness for producing a 
cytogenetic phenomenon in maize by irradiating seeds with X-rays and monoenergetic neutrons, Radiat.Res. 28, 
pp.302—21. 

SMITH, H.H., BATEMAN, J.L., QUASTLER, H., ROSSI, H.H. (1964), "RBE of monoenergetic fast neutrons: 
Cytogenetic effects in maize", Biological Effects of Neutron and Pioton Irradiations (Proc.Symp.Upton, N.Y., 1963) 
II, IAEA, Vienna, pp .233-48 . 

SMITH, H.H., CURTIS, H.J., WOODLEY, R.G., STEIN, O.L. (1962), The deuteron microbeam as a tool in botanical 
research, P.adiat.Bot. 1, pp .255-68 . 

SMITH, H.H., WOODLEY, R.G., MASCHKE, A., COMBATTI, N.C. (1965), Relative cytogenetic efficiency of 
X-rays and 28 GeV protons in Zea mays, Radiat.Res. 25, p.241. 

SMITH, H.R., BORSTEL, R.C. von (1972), Genetic control of insect populations, Science 178, pp .1164-74 . 

SMITH, P.A.S. (1965/66), The Chemistry of Open-chain Nitrogen Compounds, Benjamin, New York. 

SPARROW, A.H. (1961), Types of ionizing radiation and their cytogenetic effects, Mutation and Plant Breeding, . 
NAS-NRC 891, pp .55-119 . 

SPARROW, A.H. (1965), Comparisons of the tolerances of higher plant species to acute and chronic exposures of 
ionizing radiation, Jpn.J.Genet. (Suppl.) 40, pp .12 -37 . 

SPARROW, A.H. (1966), Research uses of the gamma field and related facilities at Brookhaven National Laboratory, 
Radiat.Bot. 6, pp .377-405. 

SPARROW, A.H., CUANY, R.L. (1959), "Radiation-induced somatic mutations in plants", Proc.Conf.Radioactive 
Isotopes in Agriculture, Rep.TID 7578, pp. 153—56. 

SPARROW, A.H., GUNCKEL, J.E. (1956), "The effects on plants of chronic exposure to gamma radiation from 
radiocobalt", Peaceful Uses of Atomic Energy, (Proc.Conf.Geneva 1955) 1 2 , UN, New York, pp.52—59. 

SPARROW, A.H., KONZAK, C.F. (1958), The use of radiation in plant breeding: Accomplishments and prospects, 
Camellia Cult., pp .425-52 . 

272 



SPARROW, A.H., POND, V. (1956), "Some cytogenetic and morphogenetic effects of ionizing radiation on plants", 
Proc.Conf.Radioactive Isotopes in Agriculture, Rep.TID 7512, pp. 125-39. 

SPARROW, A.H., SINGLETON, W.R. (1953), The use of radiocobalt as a source of gamma rays and some effects 
of chronic radiation on growing plants, Am.Nat. 87, pp.29—48. 

SPARROW, A.H., ROGERS, A.F., SCHWEMMER, S.S. (1968), Radiosensitivity studies with woody plants. I. 
Acute gamma irradiation data for 28 species and prediction for 190 species, Radiat.Bot. 8, pp.149—86. 

SPARROW, A.H., SCHAIRER, L.A., SPARROW, R.C. (1963), Relationship between nuclear volumes, chromosome 
numbers, and relative radiosensitivity, Science 141, pp.163—66. 

SPARROW, A.H., SPARROW, R.C., SCHAIRER, L.A. (1960), The use of X-rays to induce somatic mutations in 
Saintpaulia, Afr.Violet Mag. 13, pp.32—37. 

SPARROW, A.H., UNDERBRINK, A.G., ROSSI, H.H. (1972), Mutations induced in Tradescantia by small doses 
of X-rays and neutrons: analysis of dose-response curves, Science 176, pp.916—18. 

SPARROW, A.H., CUANY, R.L., MIKSCHE, J.P., SCHAIRER, L.A. (1961), Some factors affecting the responses 
of plants to acute and chronic radiation exposures, Radiat.Bot. 1, pp. 10-34 . 

SPARROW, A.H., SPARROW, R.C., THOMPSON, K.H., SCHAIRER, L.A. (1965), "The use of nuclear and 
chromosomal variables in determining and predicting radiosensitivities", The Use of Induced Mutations in Plant 
Breeding (Rep.FAO/IAEA Tech.Meeting Rome, 1964), Pergamon Press, Oxford, pp. 101-32 . 

SPENCER, D., WHITFIELD, P.R. (1967), DNA synthesis in isolated chloroplasts, Biochem.Biophys.Res. Commun. 
28, 538-42 . 

SPRAGUE, G.F., RUSSELL, W.A., PENNY, L.H. (1960), Mutations affecting quantitative traits in the selfed progeny 
of doubled monoploid maize stocks, Genetics 45, 855—66. 

STADLER, L.J. (1928), Genetic effects of X-rays in maize, Proc.Natl.Acad.Sci. USA 14, pp .69 -75 . 

STADLER, L.J. (1929), Chromosome number and mutation rate in Avena and Triticum, Proc.Natl.Acad.Sci. USA 
15, pp .876-81 . 

STADLER, L.J. (1930), Some genetic effects of X-rays in plants, J.Hered. 21, pp .3 -19 . 

STADLER, L.J. (1931), The experimental modification of heredity in crop plants. I. Induced chromosomal 
irregularities, Sci.Agric. 11, pp.557—72. 

STADLER, L.J. (1932), "On the genetic nature of induced mutations in plants" Proc.6th Int.Genet.Congr. Ithaca 
1, pp.274—94. 

STADLER, L.J. (1942), Some observations on gene variability and spontaneous mutation, The Spragg Memorial 
Lectures on Plant Breeding, 3.Ser., Michigan State College. 

STADLER, L.J. (1948), Spontaneous mutation at the R locus in maize, II. Race differences in mutation rate, 
Am.Nat. 82, pp .289-314 . 

STADLER, L.J. (1949), Spontaneous mutation at the R locus in maize, III. Genetic modification of mutation rate, 
Am.Nat. 83, pp .5 -30 . 

STADLER, L.J. (1954), The gene, Science 120, pp .811-19 . 

STADLER, L.J., EMMERLING, M. (1954), Problems of gene structure: III. Relationship of unequal crossing-over 
to the interdependence of R r elements (S) and (P), Science 119, p.585. 

STADLER, L.J., NUFFER, H.G. (1953), Problems of gene structure. II. Separation of R r elements (S) and (P) 
by unequal crossing over, Science 117, pp.471 —72. 

STADLER, L.J., ROMAN, H. (1948), The effect of X-rays upon mutation of the gene A in maize, Genetics 33, 
pp.273—303. 

STAKMAN, E.C., HARRAR, J.G. (1957), Principles of Plant Pathology, Ronald Press, New York. 

STEFANOVSKIJ, LA., VECESLOVA, E.M. (1939), Prospects of breeding spring wheat in the arid regions of 
Southeast, Selekcija Semenov. 5, pp.10—12. 

STEFFENSEN, D. (1953), Induction of chromosome breakage at meiosis by a magnesium deficiency in Tradescantia, 
Proc.Natl.Acad.Sci. USA 39, pp .613-20 . 

273 



STEFFENSEN, D. (1955), Breakage of chromosomes in Tradescantia with a calcium deficiency, Proc.natl.Acad. 
Sci.USA 41, pp .155-60 . 

STEFFENSEN, D. (1956), A higher frequency of X-ray-induced chromosomal aberrations in Tradescantia plants 
grown on sub-optimal calcium, Radiat.Res. 5, p.597. 

STEIN, O.L., SPARROW, A.H. (1966), The effect of acute irradiation in air,.N2 and C02 on the growth of the 
shoot apex and internodes of Kalanchoe CV "Brilliant Star", Radiat.Bot. 6, pp. 187-201. 

STEIN, O.L., STEFFENSEN, D.M. (1959a), Radiation induced genetic markers in the study of leaf growth in Zea, 
Am.J.Bot. 46, pp .485-89 . 

STEIN, O.L., STEFFENSEN, D.M. (1959b), The activity of X-rayed apical meristems: A genetic and morphogenetic 
analysis in Zea mays, Z.VererbLehre 90, pp .483-502 . 

STENT, G.S., FUERST, C.R. (1960), Genetic and physiological effects of the decay of incorporated radioactive 
phosphorous in bacterial viruses and bacteria, Adv.Biol.Med.Phys. 7, pp.1—75. 

STEPHENS, J.C., HOLLAND, R.F. (1954), Cytoplasmic male-sterility for hybrid sorghum seed production, Agron.J. 
46, pp .20-23 . 

STEPHENS, S.G. (1951), "Homologous" genetic loci in Gossypium, Cold Spring Harbor Symp.Quant.Biol. 16, 
pp .131-41 . 

STEUCKART, T. (1960), Untersuchungen iiber die Wirkung von Rontgenstrahlen auf Rispenhirse (Panicum 
miliaceum L.) nach einmaliger und mehrfacher Bestrahlung. I. Die Mutabilitat nach einmaliger Bestrahlung sowie 
die Beziehungen zwischen Auslesebeginn und Selektionserfolge, Z.Pflanzenzuecht. 43, pp.85 —105. 

STEWARD, F.C., MAPES, M.O. (1971), Morphogenesis and plant propagation in asceptic cultures of Asparagus, 
Bot.Gaz. 132, pp. 70-79 . 

STINO, K.R. (1940), Inheritance in Nicotiana Tabacum. XV. Carmine-White Variegation, J.Hered. 31, pp. 19-24 . 

STOILOV, M. (1968), "Radiosensitivity and genetic changes by gamma-ray and fast neutron irradiation in maize", 
Genetic Research in Memory of D. Kostoff, Sofia, p.153. 

STOILOV, M. (1969), "Possibility of producing male sterile forms and restoring fertility in maize by means of 
gamma-ray and fast-neutron irradiation", Induced Mutations in Plants (Proc.Symp.Pullman, 1969), IAEA, Vienna, 
pp .509-15 . 

STOILOV, M., DASKALOFF, S. (1976), "Some results on the combined use of induced mutations and heterosis 
breeding", Induced Mutations in Cross-Breeding (Proc.Advisory Group Vienna, 1975), IAEA, Vienna, pp. 179—88. 

STOY, V., HAGBERG, A. (1958), Effects of gibberellic acid on erectoides mutations in barley, Hereditas 44, 
pp.512—22. 

STRAUSS, B.S. (1958), The genetic effect of incorporated radioisotopes: The transmutation problem, Radiat.Res. 
8, pp.234—47. 

STREET, H.E., HENSHAW, G.G. (1966), "Introduction and methods employed in plant tissue culture", Cells and 
Tissues in Culture-Methods, Biology and Physiology III, Academic Press, New York, pp.459—532. 

STREET, H.E. (1966a), "The nutrition and metabolism of plant tissue and organ cultures", Cells and Tissues in 
Culture-Methods, Biology and Physiology III, Academic Press, New York, pp .534-629. 

STREET, H.E. (1966b), "Growth, differentiation and organogenesis in plant tissue and organ cultures", Cells and 
Tissues in Culture-Methods, Biology and Physiology III, Academic Press, New York, pp.631—89. 

STREITBERG, H. (1966), Schaffungvon Sprossvarianten bei Azaleen durch Behandlung mit Rontgenstrahlen, 
Z.Pflanzenzuecht. 56, pp.70—87. 

STREITBERG, H. (1967), "Production of economically valuable variation in roses and azaleas by means of 
X-irradiation", Induced Mutations and Their Utilization, Proc.Symp.Erwin-Bauer-Gedachtnisvorlesungen IV, 
Gatersleben, 1966, Akademie-Verlag, Berlin, pp.359-62. 

STRINGFIELD, G.H. (1964), Objective in com improvement, Adv.Agron. 16, pp. 102-38. 

STUBBE, H. (1934), Einige Kleinmutationen von Anthirrinum majus' L., Zuechter 6, pp .299-303 . 

STUBBE, H. (1957), Mutanten der Kulturtomate Lycopersicon esculentum Miller. I, Kulturpflanze 5, pp .190-220 . 

274 



STUBBE, H. (1958), Mutanten der Kulturtomate Lycopersicon esculentum Miller, II, Kulturpflanze 6, pp .89-115 . 

STUBBE, H. (1959), Mutanten der Kulturtomate Lycopersicon esculentum Mill. Ill, Kulturpflanze 7, pp .82-112 . 

STUBBE, H., DORING, H. (1938), Untersuchungen iiber experimentelle Auslosung von Mutationen bei Antirrhinum 
majus, VII.Z. Indukt.Abstamm.VererbLehre 70, pp. 125-29. 

SUN, C.S., WANG, C.C., CHU, C.C. (1974), Cell division and differentiation of pollen grains in Triticale anthers 
cultured in vitro, Sci.Sin. 17, pp .47 -51 . 

SUNDERLAND, N. (1971), Anther culture: a progress report, Sci.Progr. 59, pp .527-49 . 

SUNDERLAND, N. (1974), "Anther culture as a means of haploid induction", Haploids in Higher Plants — Advances 
and Potential, University of Guelph, pp.91 —122. 

SUNDERLAND, N., WICKS, F.M. (1969), Cultivation of haploid plants from tobacco pollen, Nature (London) 
224, pp. 1227-29. 

SUNDERLAND, N., WICKS, F.M. (1971), Embryod formation in pollen grains of Nicotiana tabacum, J.Exp.Bot. 
22, pp.213—26. 

SUNDQUIST, B., GONCZI, L., BERGMANN, R., LINDH, U. (1974), A fast method for nitrogen determination 
in single seeds, Int.J.Appl.Radiat.Isotopes 25, pp .277-81 . 

SUNESON, C.A., WIEBE, G.A. (1962), A "Paul Bunyan" Plant Breeding enterprise with barley, Crop Sci. 2, 
pp.347—48. 

SWAIN, C.G., SCOTT, C.B. (1953), J.Am.Chem.Soc. 75, p.141. 

SWAMINATHAN, M.S. (1961), "Effect of diplontic selection on the frequency and spectrum of mutations induced in 
polyploids following seed irradiation", Effect of Ionizing Radiations on Seeds (Proc.Conf.Karlsruhe, 1960), IAEA, 
Vienna. 

SWAMINATHAN, M.S. (1963), "Evaluation of the use of induced micro- and macro-mutations in the breeding of 
polyploid crop plants", Symp.Application of Nuclear Energy in Agriculture, Rome, 1961, pp.241 —77. 

SWAMINATHAN, M.S. (1965a), "A comparison of mutation induction in diploids and polyploids", The Use of 
Induced Mutations in Plant Breeding (Rep.FAO/IAEA Tech.Meeting, Rome, 1964), Pergamon Press, Oxford, 
pp .619-41 . 

SWAMINATHAN, M.S. (1965b), "Characteristics and genetics of induced mutants. Summary and Conclusions", 
The Use of Induced Mutations in Plant Breeding (Rep.FAO/IAEA Tech.Meeting, Rome, 1964), Pergamon Press, 
Oxford, pp.790—92. 

SWAMINATHAN, M.S. (1967), personal communication (Sharbati Sonora). 

SWAMINATHAN, M.S. (1969), "The role of mutation breeding in a changing agriculture", Induced Mutations in 
Plants (Proc.Symp.Pullman, 1969), IAEA, Vienna. 

SWAMINATHAN, M.S., MURTHY, B.R. (1959), Effect of X-radiation on pollen tube growth and seed setting in 
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