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Preface

No independent work on interspecific and intergeneric crosses in plants has 
previously appeared on the Hungarian book market. In other countries, too, 
the subject has only generally been dealt with in certain chapters of books on 
genetics or practical plant breeding, and even these chapters only touch on 
generalities, or are restricted to interspecific crosses in certain genera or in the 
plants of a single geographical region. Much more has been written on the 
subject in papers published in scientific journals.

The possibility of crossing plant species which are only distantly related to 
each other, the genetic, biochemical, etc. obstacles which hinder or prevent the 
production of plant hybrids, and the methods which hold out the promise of 
success, have always had a fascination for the public, and this is truer than ever 
today.

It is thus worth providing the reader with a brief summary of the major 
theoretical and practical results so far achieved in plant hybridisation. Due to 
the enormous amount of material available, it would be quite impossible to 
include everything in a book of this size. The aim is rather to illustrate the major 
aspects of the subject, so only the most characteristic problems arising in 
cultivated plants belonging to the group of sexually propagating plants (cereals, 
industrial crops, vegetables, berries and flowers) will be discussed.

The book is in the nature of a manual, so basic terms are only explained in 
exceptional cases. It is assumed that the reader is already acquainted with the 
subject at the university level. The main aim of the book is to assist the work 
of researchers, but it is hoped that specialists working in this field will find that 
the survey presented here will not only satisfy their interest in the subject, but 
also broaden their range of vision and perhaps provide them with information 
which will be of practical use to them.

A detailed discussion of a single topic (interspecific and intergeneric hy­
bridisation) is presented on examples taken from a number of plants. The vast 
amount of information accumulated and the limited space have forced the 
author to be selective. The choice of examples is necessarily arbitrary, but the 
author has endeavoured to give equal weight to all aspects of the problem. The 
fact that certain sections are discussed in more detail, while others are dealt with 
more superficially can be attributed partly to the importance of the information 
in question for plant breeders and producers, and partly to the level of knowl­
edge currently achieved: very little is still known on a number of extremely 
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important questions. If there is deemed to be a lack of proportion over and 
beyond this, it must be put down to the partiality of the author, who is himself 
a researcher. It is thus hardly surprising if the discussion of aspects connected 
with his own research field (primarily wheat genetics) is in some cases more 
exhaustive and complex than that of other plants.

Any suggestions or observations which might contribute to improvements in 
later editions of the book will be received by the author with grateful thanks.
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1. Introduction

Exactly where or when man first began to cultivate and domesticate plants is 
not known. It is certain, however, that one of the earliest homes of civilised man 
was in the lower basin of the Rivers Tigris and Euphrates in South Western 
Asia, the site of the traditional Garden of Eden.

The fact that dates were cultivated in Mesopotamia in ancient times is 
demonstrated by Babylonian and Assyrian monuments and was also recorded 
by several early Greek historians; the monuments not only show that dates were 
cultivated, but also give a clear illustration of the process of hand pollination.

It was thus recognised, from very early times, that date trees were of two 
kinds, sterile and fruit-bearing, in other words, “male” and “female”, and that 
a substance produced by a sterile “male” tree was needed in order to ensure that 
a fertile “female” tree would bear fruit.

In fact, seedlings originating from any given variety of any plant show a very 
wide range of variation, and it is said that the original parent type seldom 
re-appears among the progeny. This diversity of type among seedling plants has 
led to the establishment of a great number of varieties in the course of cultiva­
tion.

Roberts (1965) mentions that Camerarius (1665-1721) appears to have been 
the first botanist to discover, by actual experimentation, that pollen is indispens­
able to fertilisation, and that the pollen-producing flowers or plants are 
therefore male and the seed-bearing plants female. The experiments were con­
ducted on spinach and hemp, both of which are dioecious, and on Indian corn 
or maize. Camerarius was likewise the first investigator to discover, two hun­
dred years after the introduction of maize into Europe, the fact that on remov­
ing the staminate inflorescence of an isolated plant the seeds remained unfer­
tilised.

Nevertheless, more than fifty years passed before Camerarius’ investigations 
on sex in plants received substantial recognition, and before the first recorded 
instance of an actual experiment in hybridisation.

It is a well-known fact that in the plant kingdom intervarietal crosses within 
the species are one of the most widespread and successful methods by which 
breeders produce new varieties.

The efficiency of plant breeding depends to a great extent on the choice of 
method and on the precision with which the method is applied. Even more 
important is the correct choice of initial breeding stock. Breeding may be based 



on a local variety, i.e. a natural population which owes its development to (he 
work of breeders. In this case the breeder first selects suitable basic stock for 
his purpose from the natural population. If the natural population (the local 
variety) is characterised by the desired economic, ecological, biological, etc. 
traits, it is unnecessary to carry out crossing or any other technique designed 
to increase the variability of the plant properties. If, on the other hand, traits 
required due to economic or other considerations are absent, variability must 
be artificially increased. In this case the breeder will analyse various varieties 
and weigh up the advantages of other possibilities before deciding whether to 
employ crossing or some other method (mutation, polyploidy, other genetic 
techniques) to produce a new population from which selection can be made. The 
greater the variability and heterogeneity of the initial stock, the more successful 
breeding is likely to be. Before making combinations the plant breeder should 
take great care to select individual plants which seem best adapted to his 
purpose, as in this way many years of experiment and much needless expense 
will be avoided. The differences in the individuals which the plant breeder has 
to work on are sometimes very slight indeed.

If, for any plant species, no varieties are known to contain the desired 
properties, intervarietal crosses are unlikely to lead to any resounding success. 
In such cases other species belonging to the same genus or even species belong­
ing to other genera are used as crossing partners. Using this method it is 
possible, for example, to transfer the sand tolerance of rye (Secale), the disease 
resistance and high protein content of Aegilops and wheat-grass (Agropyron) 
and their ability to grow in any type of soil, the non-race-specific disease 
resistance of certain wheat species (Triticum timopheevii, T. zhukovskyi, T. 
monococcum, ssp. dicoccoides), the high protein and lysine content of ssp. 
dicoccoides, conv. durum, ssp. carthlicum and T. zhukovskyi, the good milling 
percentage of T. aestivum ssp. sphaerococcum and the large number of grains 
per ear of T. turgidum into cultivated wheat. In a similar manner, Brassica 
species resistant to various diseases (e.g. Plasmodiophora brassicae), potato 
(Solanum) varieties resistant to the Y virus and leaf-roll, cotton (Gossypium) 
varieties resistant to Verticillium wilt and tomato varieties tolerant of salt, an 
extremely important property under desert conditions, and resistant to various 
diseases (tomato leaf curl virus =TLCV, Phytophthora infestans, Verticillium 
dahliae, Fusarium oxysporum, etc.) can best be produced by means of interspecif­
ic, or in some cases intergeneric crossing. In this way the variability of the basic 
breeding stock can be broadened enormously.

In addition to its practical importance, work on interspecific and intergeneric 
crosses in plants also bears extremely great theoretical significance. Among 
other things it greatly helps in clarifying the hybridisability of various plant 
species and genera, the extent to which they are mutually fertile, etc. It also 
advances knowledge on the origin, evolution, development and degree of rela­
tionship of the species.

Hybridisation does not usually play a role in evolution alone, but in combina­
tion with selection, polyploidy, micromutation or apomixis. A stable population 
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of the fertile progeny of a hybrid may turn into a new species under conditions 
of reprXtive isolation (Grant, 1971). A substantial bulk of information is 
available on the natural and artificial hybridisation of numerous plants par­
ticularly the Gramineae) and detailed studies have been made on their cytology.

The possibility that hybridisation might play an important role in evolution 
was first expounded by Lotsy (1916), whose principal contribution was the 
demonstration of complex, rich segregation in advanced generation hybrids^ 
Although other botanists of the early twentieth century (e.g. Jeffrey 1915 also 
assigned a dominant role to hybridisation, most were reluctant to acknowledge 
more than the occasional occurrence of hybrids. The minor role accorded 
hybrids was even more vividly expressed by zoologists, especially since anima 
hybrids were recorded much less frequently than plant hybrids.

Hybridisation may be an important evolutionary phenomenon if accompa­
nied by the selective incorporation of genes from the non-recurrent population 
system (introgression) or by the stabilisation of hybrid derivatives with or 
without polyploidy, or if population systems diverge in areas of contact to avoid 
hybridisation and the attendant loss of gametes. A prerequisite for gene ex­
change or stabilisation is the production of vigorous, partially fertile Ft and 
advanced generation hybrids. To the best of our current knowledge, the only 
way to produce new synthetic species is to employ interspecific crossing.

The work of interspecific and intergeneric crossing has its roots in the meth­
ods and results of a number of sciences. These connections and interactions with 
various branches of science are depicted in Fig. 1. In this field, as is so often t

1. Mutual relations between the major branches of science used in interspecific and 
intergeneric crosses in plants
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case, it is only possible to achieve outstanding results and solve the practical and 
theoretical problems arising in the course of the work by jointly applying the 
results achieved and the methods elaborated in many different branches of 
science.

* * *

McClung-Navashin (1938) were the first to appreciate the significance 
of cytological results in evolution and plant classification. At their suggestion, 
work began on the comparison of the genomes of related species using cytologi­
cal techniques. The karyotypic analysis of the chromosomes of various plant 
species offers an enormous amount of valuable data for the pinpointing of 
relationships. In recent years the heterochromatic staining technique (Giemsa 
C-band technique) elaborated for the identification of plant chromosomes has 
made it possible to draw even more reliable conclusions on the evolution of 
species (Hadlaczky-Belea, 1975; Belea, 1975). It has also been demonstrated 
that the individuals in wild populations are generally cytologically and geneti­
cally heterogeneous. The genes can often be put into various orders on the basis 
of changes in the chromosome segments. The chromosomes may alter spon­
taneously after chromosome fractures due to changes occurring in the gene 
order. This contributes to the operation of the isolation mechanism, which 
would appear to be associated with the evolution of plant species. The examina­
tion of chromosomal organisation and karyotypes in individuals, species and 
genera thus provides confirmation of the role of the chromosomal mechanism 
in evolution.

A comparative evaluation of the hybridisability, of the germination and 
fertility-sterility of the Fj grains or seeds, and of the homological state of the 
genomes also provides useful guidelines for determining the degree of relation­
ship between various species. Thus, in addition to cytological studies (chro­
mosome banding, karyotype analysis, chromosome pairing in hybrids), the 
process of evolution must be approached simultaneously from the genetic (total 
nucleotide sequencing, DNA hybridisation, DNA amount), biochemical (pro­
tein electrophoresis, immunological techniques, chromatography, restriction 
enzyme analysis), morphological (comparative morphology), ecological and 
experimental (breeding, crossing) sides. By relying on only one or a few meth­
ods, the researcher may reach conclusions which are only partially true and are 
in contradiction to results achieved by other workers. The percentage seed 
setting, for example, only gives a satisfactory explanation if all the factors are 
examined together. Since they were unable to obtain successful crosses between 
the Khapli variety of T. turgidum ssp. dicoccum and common wheat (T. aes­
tivum), for instance, Firbas (1920) and Thompson (1926) stated in their papers 
that the method could not be applied for this purpose. It is known, among other 
things, that Eastern ecotypes of T. turgidum ssp. dicoccoides are much more 
difficult to cross with common wheat than the Western variants. Kiss (1955) 
reported that the T. aestivum wheat varieties which gave the best seed setting 
with rye were impossible to cross with other wheat species. Falk-Kasha (1981), 
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on the other hand, found that the wheat varieties which could be most easily 
crossed with Hordeum bulbosum were those which gave a relatively good seed 
setting with rye (see below).

The question of how reliable the seed setting percentage is as an indication 
of the degree of relationship also arises in connection with the use of biotypes 
with good combining ability selected from individual varieties (to the best of our 
knowledge Firbas was the first to draw the attention of researchers to this 
problem in 1920).

In the 90s of the last century, MacFarlane (1890) published a number of 
papers based on a histological study of the characters of hybrids and their 
parents, which did much to throw light on the ultimate character of the hybrid 
condition in the Ft generation. As the result of these histological investigations, 
MacFarlane was able to state a much more exact point of view regarding the 
structural characters of hybrids than most of his contemporaries, a view for 
which few data then existed, and in which investigations do not seem to have 
been continued until the post-Mendelian work of Darbishire (1908) on the 
structure of the starch grains in pea crosses.

Biosynthetic processes in the development of plant hybrids are poorly under­
stood. Genetic tumours are produced in hybrids belonging to several genera. 
In Nicotiana, tumour formation is associated with the presence of excessive 
amounts of auxins. The biosynthesis of secondary products may be disrupted, 
leading to the accumulation of precursors or the production of novel com-

— very close

— close

--------- distant

--------- very distant

--------- extremely distant

Fig. 2. Relationships between genera belonging to the Vicieae tribe as demonstrated by the 
immunochemical analysis of the seed proteins of various species (Konarev et al., 1983) 
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pounds (Williams-Young, 1974). The molecular approach to the study of 
hybrids extends to chromosomes, where studies on pairing relationships are now 
concentrated on the level of unique DNA divergence and the amount and 
divergence of redundant DNA (Narayan-Rees, 1977), and on ribosomal-DNA 
constancy and nuclear organiser expression (Bicudo-Richardson, 1977). 
If the genomes of Fj hybrids have antagonistic or incompatible regulatory 
systems, evidence of this should be forthcoming from physiological as well as 
biochemical studies. Unfortunately, little attention has been given to the tissue, 
organ or whole-organism physiology of hybrids.

The ever wider use of polyacrylamide gel electrophoresis (PAGE) and isoelec­
tric focussing (IEFPG) is also of great assistance in research on evolution, 
providing confirmation of results achieved with other (e.g. cytogenetic) methods 
(Fejer-Belea, 1978a).

When studying the seed proteins of genera belonging to the Vicieae tribe using 
immunochemical methods, Konarev and co-workers (1983) found that the

(B) Vicia sativa I ■= V.macrocarpa (Moris) Bertol.
V. angustifolla L.

V. cordate Wolf et Hoppe 
V. amphicarpa Dorth.

V. lathyroides L.

V. septum L.

V. lutea L.

V. narbonensis L.
V. bithynica L.

V. michauxii Spreng
V. peregrine L.

V.grandiflora Scop.

I Z hyrcanica Fisch et Mey
j V hybrida L.

V ciliatula Lipsky
V. hajastana Grossh.

(B) V.vitlosa Roth==V.dasycarpa-^^=V.vario Ho

V variabilis Freyn et Sint 
V dalmatica Kern.

V.eriocarpa Houss.
V. calcarata Desf.

V. benghalensis L.

V. monanthra Retz.
V. atropurpurea Desf.

V tenuifolia Roth 
V.cracca L.

V. amurensis Oett.
K ussuriensis Oett.

Fig. 3. Relationships between Vicia sativa and V. villosa and other Vicia species as demonstrated 
by the imunochemical analysis of seed proteins (Konarev et al.. 1983) 
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differences in the globulin component enabled extremely reliable conclusions to 
be drawn on the origin of plant species. Similarly, a comparative analysis of the 
albumin antigens in the protein also gave an indication of degrees of relation­
ship. It was discovered, for example, that the degree of relationship between the 
genera Lens and Vicia, Vavilovia and Vicia and Vavilovia and Lathyrus, and 
especially between Pisum and Lathyrus, was substantially closer than that 
between Vicia and Faba, Faba and Lathyrus, Vavilovia and Lens, Cicer and 
Vicia, Faba and Vavilovia, and Cicer and Faba (Fig. 2).

Considerable differences in this respect are also found between the various 
species of Vicia. V. sativa, for instance, is in extremely close relationship with 
V. macrocarpa, V. angustifolia, V. cordata and V. amphicarpa. The relationship 
between V. sativa (vetch), V. lathyroides and V. sepium is somewhat more distant, 
while that between V. lutea and V. ciliatula is even more distant (Fig. 3).

1.1 The concepts: species, genus and hybrid

Before turning to a detailed discussion of interspecific and intergeneric crossing, 
a slight digression is perhaps necessary to clarify what is meant by the terms 
species, genus and hybrid.

The concepts of species and genus are outlined by descriptive taxonomy. 
Darwin (1859), too, dealt with the distinguishing traits of certain plant species, 
in particular with morphological traits, but he also drew attention to numerous 
sterile and fertile species hybrids as proof of relationship. One of the primary 
questions concerning crossing that interested Darwin was the matter of sterility 
and fertility in hybrids. Investigators before Darwin’s time had been obsessed 
to a considerable extent by the species question, which crossing was supposed 
to solve. If a cross succeeded, or produced fertile offspring, it was argued that 
the parent forms were “varieties”. If the cross failed, or if its offsprings were 
sterile, this demonstrated that they were “species”. With the sole exception of 
Sageret (1826), none of the earlier hybridists seems to have formed, as the result 
of experiment, anything like the modern conception of characters as biological 
units, and with the sole exception of Naudin and Darwin, no scientific theory 
was even conceived of to explain the “modus operandi” of amphimixis in the 
case of hybrids. Prior to Darwin, researchers dealing with plant taxonomy 
described species on the basis of morphological traits alone.

The recent rapid development of cytogenetics, which determines the closeness 
of the degree of relationship on the basis of genome homology, has substantially 
broadened our knowledge on this subject. In general, species possessing com­
pletely identical, homologous genomes are regarded as being more closely 
related to each other; where, however, fewer or no homologous genomes are 
found, the species are treated as being more distantly related (Kihara, 1924). 
It has also been proved that species determinations which are still uncertain can 
be decided more reliably with the aid of interspecific crossing.
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Taxonomical and cytogenetic classifications generally coincide. The varieties 
of a given species usually have identical genomes, though in some cases varieties 
belonging to the same species may contain different (non-homologous) genomes 
(e.g. T. turgidum ssp. dicoccoides var. nudiforme). It is even known for the 
chromosome number to differ within a single species (e.g. Agropyron inter­
medium, Agr. smithi, Agr. repens, Elymus condensatus, etc.).

For the most part, earlier plant hybridisers made a distinction between 
“hybrids”, occurring between “species”, and “crosses”, occurring between “va­
rieties”. Mendel discards this terminology, recognising that the distinction is one 
of degree, not of kind, a distinction essentially artificial when closely applied.

The fundamental difference between Mendel’s hybridisation experiments 
and all others stands out most clearly in the following statement: “If two plants 
which differ constantly in one or several characters be crossed, numerous 
experiments have demonstrated that the common characters are transmitted 
unchanged to the hybrids and their progeny; but each pair of differentiating 
characters, on the other hand, unites in the hybrid to form a new character, 
which in the progeny hybrid is usually variable. The object of the experiment 
was to observe these variations in the case of each pair of differentiating 
characters, and to deduce the law according to which they appear in the 
successive generations. The experiment resolves itself therefore into just as many 
separate experiments as there are constantly differentiating characters present 
in the experimental plants.” (Mendel, 1866-1870).

On the basis of a biosystematic classification, Oehler (1956) distinguishes 
ecotypes, ecospecies, coenospecies and comparia based on the hybridisability of 
the species, the sterility-fertility of the species hybrids and an analysis of anoma­
lies arising in reductional cell division.

Nowadays, plant anatomical, genetic, biochemical, cell biological, ecological, 
etc. analyses are also employed to assist species determinations. In this way the 
various species can be distinguished from each other with greater accuracy. 
Nevertheless, it still happens that certain varieties are classified in different 
species, or completely different types are regarded as the same species because 
of a failure to carry out examinations on seed setting, germination, the fertility 
of the first generation, the inheritance of major economic properties and mor­
phological traits, and to make use of methods elaborated in other branches of 
science. Experience shows that such errors can be eliminated by a thorough and 
circumspect analysis of the interspecific hybrids and their parent lines.

In 1863, Godron reported a series of observations on the fecundity of 
hybrids. He investigated the question of whether this fecundity, in succeeding 
generations, bore any relation to the ease with which the original hybridisation 
was effected. From experiments with Verbascum hybrids he came to the con­
clusion that the fertility of hybrids does not always have any relation to the ease 
with which the cross is effected in the first instance.

Godron concludes, in general, that crosses between two races or varieties of 
the same species are characterised by absolute fertility, that the sterility of simple 
hybrids is proof that they come from distinct species, and that crossing between 
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two species of different “genera” is impossible. At the present time, of course, 
no special importance is necessarily attached in crossing to the precise systemat­
ic position of the organisms it is intended to cross. They may be different 
“varieties”, or different “species”, or even belong to different so-called “genera”. 
Attention is necessarily directed primarily to the nature of the characters it is 
desired to involve in the cross, the behaviour of which it is sought to investigate.

Godron remarks that similar observations have been made by Lecoq in the 
fertile hybrids of Mirabilis, by Naudin in the fertile hybrids of Nicotiana, and 
by several authors in Primula, and in Petunia violacea P. nyctaginaeflora.

During the genetic analysis of various species Lamprecht (1948) reached the 
conclusion that, irrespective of the morphological traits, any varieties which 
contained one or more “interspecific genes” should be classified as different 
species. Without a reduction in the fertility of the hybrid progeny, the characters 
of these “varieties” cannot be combined in a single progeny by means of 
crossing. If, on the other hand, the characters of the “varieties” crossed can be 
combined in a single progeny without any loss of fertility, the varieties in 
question belong to the same species.

In biochemistry, attempts are now being made to correlate the degree of 
relationship between various species with the immunological behaviour or 
amino acid composition of proteins with identical functions.

According to Konarev (1975), a species is the sum total of generations 
originating from a common ancestor, which have become segregated from the 
rest of the living world during the struggle for existence. Among the living 
organisms there are series of similar forms which are distinct from other series. 
It was on this fact that Linnaeus based the scientific concept of species, introduc­
ing a binominal nomenclature to designate the species and equating the concept 
of logical species with that of natural species. To Darwin’s mind the species was 
a historical phenomenon, gaining ground after its formation until it reached the 
full height of its development, later declining as circumstances changed and new, 
more virile rivals appeared, until it finally became extinct.

It will perhaps be obvious from the above that there is still no generally 
accepted definition of species. One reason for this is that, despite its constancy, 
the species nevertheless changes to a certain extent, so the term is somewhat 
dialectical. The traits which served for the identification of species and were 
previously considered to be constant, have not only increased in number as 
biology developed, but have also proved to be variable. Later, emphasis moved 
to the application of results obtained in reproduction physiology, since in the 
animal kingdom even related species do not always produce fertile progeny. 
When defining botanical species, the restriction that fertile hybrid progeny can 
only be produced by individuals belonging to the same species is not accepted.

Since species are only relatively stable and are in fact continuously changing 
due to their disintegration into new species or their extinction, they can even 
be regarded as periods or phases in the process of evolution. It would thus seem 
that species cannot be defined as a category; at most a specific form of existence 
can be identified with the help of characteristic traits. The species can be 
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considered as a biological organism, the essence of which is most clearly visible 
in its relationship to other, similar types of categories. The concrete represen­
tative of any species is the population and, vice versa, every population rep­
resents a species.

Criteria which would facilitate the selection of the traits providing the best 
definition of the essence of a species have not yet been elaborated. In practice, 
however, some form of criteria is needed if living organisms are to be taxonom­
ically classified.

Due to the effect of differing geographical and climatic factors, different gene 
complexes may accumulate in various populations of the same species. The 
effect of environmental changes on the origin of species can be best understood 
if consideration is given to the enormous length of the geohistorical periods and 
to the climatic and geographical changes.

The role of ecological isolation is of great importance in the origin of species 
because it is the basis of external isolation mechanisms without which races 
developing in geographically different situations could not rise to the subspecies 
or species level. Within the sexually reproducing species, segregation is generally 
allopartic in nature, i.e. it takes place in different parts of the geographical 
territory of the species. Due to the isolation factors (e.g. great distances, moun­
tain ranges, waters, etc.) the obscuring effect of crossing cannot be manifested, 
so the gene systems of segregated populations come to differ from each other. 
Once this biological isolation has taken place, the separate populations can live 
side by side on the same area. Various mechanisms promote the occurrence of 
biological isolation. In the case of plants the difference may be in the structure 
of the flowers. It frequently happens that certain insect species are incapable of 
pollinating the flowers while other species are able to do so. In some plant 
species, for instance, the tubes formed by alien pollen grow too slowly on the 
stigma or completely cease to develop. Another frequent problem is that after 
fertilisation has taken place, defence mechanisms come into operation, as a 
consequence of which the hybrids are sterile, or stop developing at some stage 
due to some lethal effect. In some species, however, this defence mechanism fails 
to develop. Basically, there are some differences that prevent the formation of 
hybrid zygotes, and some that reduce the viability and fertility of the hybrids. 
Isolating mechanisms per se should not be viewed as adaptations, for they are 
not properties of single populations or species. In effect, isolating mechanisms 
reside in the interface between populations and are a function of the interface. 
They result from incongruities in the adaptive “surfaces” of populations that 
happen to be paired in nature or by the evolutionist. In the hybrids obtained 
when crossing these species, there is an enormous range of variability due to the 
segregation of complicated polygenic systems. Segregation may be so extensive 
that the introgression of the gene complexes of the species is completely over­
thrown and the progeny is not able to adjust to the changed conditions. This 
disharmonious variability explosion either leads to the destruction of the hybrid 
population or initiates the appearance of new species. It can thus be said that 
modifications in the internal structure of the genes, changes in the gene com­
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position of the chromosomes, new ecological situations, the gradual develop­
ment of (spatial and biological) isolation and constantly operating selection bring 
new species into being. Each new species probably develops through the gradual 
transformation and hybridisation of several populations over a long period of 
time and on a relatively large area.

The genus is a higher taxonomical unit than the species and is also perhaps 
the most important such unit, defined primarily by similarities in the structure 
of the reproductive organs. Genera which contain a large number of species are 
divided into sections. The largest genera of seed-bearing plants are, for example, 
Senecio, with approx. 2000 species, Astragalus, with approx. 1700 species, 
Solanum, with approx. 1400 species, Carex with around 1000 species and the 
tropical Orchidea, with several thousand species.

According to Stebbins (1959) a hybrid is a heterozygotic progeny originating 
from a cross between two individuals belonging to separate populations with 
differing characters and different degrees of adaptability. Depending on the 
number of gene pairs involved, the hybrid is referred to as a mono-, di-, etc. or 
polyhybrid. If crossing is carried out between different genera, the progeny are 
referred to as intergeneric hybrids, while the results of crosses between species 
belonging to the same genus are known as interspecific hybrids. Variety hybrids 
are produced if varieties belonging to the same species are crossed.

As the number of differing gene pairs rises, the degree of heterozygosis in the 
hybrids also increases, facilitating the appearance of new traits. Among the 
progeny generations of the hybrids, only those with adequate adaptability 
survive the effects of natural selection, while the rest of the hybrid population 
dies out.

The stabilisation of hybrid derivatives in nature is more likely in plants than 
in animals owing to their greater penchant for interspecific hybridisation, 
asexual reproduction and polyploidy. In plants, putative stabilised diploid fertile 
hybrid entities include Potentilla glandulosa ssp. hansenii (Clausen et al. 1940), 
many subspecies of Gilia capitata (Grant, 1950), Phlox pilosa ssp. deamii and 
P. amoena lighthipei (Levin-Smith, 1966). Grant (1979) reports an example of 
complex reticulate evolution in Gilia, in which he distinguishes various types of 
hybrid complexes. The constituents of the homogamic complex in Gilia are a 
cluster of sympatric annual herbs, which are sexually propagated and predomi­
nantly diploid. This complex is noteworthy because of the large number of 
elements involved. The stabilisation of the gilias was the result of abiotic 
selective forces. As a point of contrast, Straw (in Levin, 1979) describes the 
stabilisation of hybrid derivatives by pollinators in Penstemon. This is one of 
the best-documented cases of the pre-adaptation of different hybrids to different 
pollinators not servicing the parental species, and of stabilisation via assortative 
pollination and selection.

In both plants and animals, the stabilisation of hybrids by asexual mecha­
nisms may be more common than the stabilisation of an intermediate phenotype 
in a sexual population. In plants, some hybrids can reproduce and spread 
asexually by agamospermous seed formation as well as by vegetative propaga­
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tion. The asexual reproduction of diverse hybrid types from one pair of species 
may yield what Grant-Grant (1971) call a clonal complex.

In nature, hybrids do not usually arise en masse, so their chances of surviving 
are improved if they back-cross with one of the parental populations. It has been 
known for the constant pressure of hybridisation to cause genes from one 
species to be transferred into the genomes of the other species, leading to the 
appearance of species-level adaptive forms in nature. Since the hybrids are less 
fertile, there is more likelihood of fertilisation taking place with parental 
gametes. After suitable selection, progeny produced in this way will continue 
to multiply, enriched with a number of traits obtained from the “alien species”. 
This process is known as introgression. A fine example of this is the origin of 
Iris species or hybrids, as described by Anderson (1949). Heiser (1954) present­
ed evidence of extensive introgression in Helianthus, with H. annuus as the 
central figure. This species has given rise to introgressive races varying towards 
H. debilis, H. petiolaris and H. argophyllus. Other authors have proved the 
introgressive origin of maize by investigating artificial introgressive Zea lines of 
teosinte (Euchlaena mexicana).

The hybrids may also give rise to transgressive segregants in which new 
quantitative or qualitative characters appear, either eclipsing those of the 
parents or not resembling those of either parent. This phenomenon can be 
explained by the fact that the interactions of genes coming together in the 
hybrids may be additive, in which case these gene combinations may cause new 
properties to appear in the progeny. Numerous examples of this can be found. 
If, for example, selection is carried out for large corollas in the hybrid progeny 
of two tobacco species (Nicotiana sanderae and N. langsdorfii) with corollas 
differing in size, shape and colour, by the F8 generation segregants with large 
flowers exceeding those of the N. sanderae species will be found. A similar 
observation was made by Belea (1965), who selected individuals severely infect­
ed with powdery mildew from among the hybrid progeny of Triticum timo­
pheevii x ssp. carthlicum despite the fact that both parental species are well- 
known for their powdery mildew resistance. Naturally, the opposite of this 
could also be observed, when extremely resistant individuals arose in the hybrid 
generations of two parental species susceptible to disease.

Hybrids may also arise through apomixis. Apomictic species may have any set 
of chromosomes. Triploids of apomictic origin are completely fertile, while 
those which reproduce sexually are generally sterile. Various aneuploid plants 
of apomictic origin are also fertile. In the case of sexual reproduction, aneuploid 
plants rarely survive.

Of course, although the apomictic form of reproduction plays an important 
role in evolution, it also has its disadvantages. Due to the lack of sexual 
reproduction, the species loses recombination variability, one of the chief sour­
ces of evolutionary plasticity in the species. From the point of view of evolution, 
only genotypes which possess an optimum system of interactions between 
mutation, recombination and selection can be regarded as progressive. This 
applies to moderately isolated populations of sexually reproducing plants.
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In certain genera, such as Rubus, Poa, etc., both sexual and apomictic re­
production occur, and this combination leads to great plasticity. In this case, 
too, apomixis has a decisive influence on the adaptability of the species in 
question.

One major task now facing geneticists is to clarify the genetic background of 
apogamy. A combination of heterosis and apogamy could open up enormous 
horizons for breeders to produce new, unique hybrids.

It is thus obvious that even today it is impossible to give an unequivocal 
definition of the terms species and genus. The identification of the interspecific 
and intergeneric hybrids discussed in this book may thus be somewhat inac­
curate. The hybrid in question may count as an interspecific hybrid according 
to one definition and not according to another.

1.2 Historical review

The history of interspecific crossing has been dealt with in most detail by 
Roberts (1965) and Zirkle (1935) who present a comprehensive review of work 
on interspecific crossing prior to Mendel. The first known artificial interspecific 
hybrid was produced in 1717 by Fairchild, who made a cross between the 
species Dianthus caryohyllus and D. barbatus.

A little later, Linne (1753) reported interspecific crosses between Mirabilis 
longiflora x M. jalapa, Veronica maritima x Verbena officinalis, Tragopogon 
pratense x Tr. possifolius and Verbena hastata x V. spuria. In the same year 
Haartman (1751) included a number of interspecific crosses in a work entitled 
Plantae Hybridae, which describes a hundred different plants. Mention is made, 
for instance, of the well-known species Trifolium hybridum, which was wide­
spread at one time, and which originated from the Trifolium pratense x T. 
repens cross. An alfalfa species hybrid well-known for its intermediate nature 
(Medicago falcata x M. sativa) is also included.

The first systematic attempt at interspecific crossing is linked with the name 
of Koelreuter (1766). Koelreuter’s most important papers, his “Vorlaufige 
Nachricht” and its three “Fortsetzungen”, cover the period from 1760 to 1766. 
In 1760, Koelreuter produced his first hybrid, Nicotianapaniculata x N. rustica. 
Experiments carried out over the following six years, 65 of which were described 
in detail, covered crosses involving 13 genera and 54 species. The first “Fortset- 
zung” is dated 1762. It is worth mentioning that in connection with his first 
Nicotiana hybrid, Koelreuter records its much more rapid growth, which meant 
that it could be distinguished from its two parents right from the germinating 
seed up to complete flowering. Koelreuter’s second “Fortsetzung” to the “Vor­
laufige Nachricht”, published in 1764, gives an account of 49 experiments, of 
which 29 were specifically crossing experiments, the remainder being experi­
ments involving the use of the plant’s own pollen simultaneously with that of 
another species (Verbascum, Nicotiana, Dianthus, Hibiscus, Datisca, Mirabilis, 
Leucojum). Of the 30 Nicotiana experiments, eight were species crosses. Of the 
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eight experiments in crossing species of Dianthus, three were species or variety 
crosses, while three were back-crosses on F t hybrids.

Koelreuter’s third “Fortsetzung” is dated 1765. In addition to fertile crosses 
with four species of Verbascum, several other fertile combinations were reported 
in the same genus, involving chiefly the reciprocal crosses of the species native 
to the locality. All the Verbascum crosses proved sterile.

During the period prior to Mendel many other authors, including Knight 
(1799), Herbert (1819), Wiegman (1828), Gaertner (1849), Neilreicht 
(1852), Godron (1863), Nageli (1865, 1866), etc., also reported a number of 
interspecific crosses.

Herbert (1819) noticed the fact that in species crosses (e.g. Passiflora coerulea 
x P. onychina) the ovaries may develop as the result of the fertilisation stimulus, 
the interior remaining empty, like a bladder, and only the outer coat of the fruit 
having been fertilised, in consequence of the weakness of the cross-bred pollen. 
He continued by noting that where adaptation of the two types was perfect, a 
perfect offspring was produced, but where it was not perfect, inadequate or 
weak fertilisation occurred, and “it is further to be observed that there is 
frequently an imperfect hybrid fertilisation which can give life, but not sustain 
it well”. Among such cases he mentions Hibiscus pabustris x H. speciosus, of 
which the seeds always sprouted, but of which only one survived to the three- 
leaf stage, when it perished. He states that in crosses between Rhododendron 
ponticum and an orange Azalea he had never raised seedlings beyond the third 
or fourth leaf stage.

Gaertner (1849) worked on prominent genera such as Antirrhinum, Avena, 
Dianthus, Nicotiana, Digitalis, Oenothera, etc. Later, Focke (1881) reported on 
numerous interspecific and intergeneric crosses in his book “Die Pflanzen- 
Mischlinge”; the vast majority of his observations are still valid today. He gave 
the taxonomical classification of species hybrids both in the family ( Ranun- 
culaceae - Fucaceae) and in the genus. After a brief historical review, he deals 
with the appearance, nature and practical significance of the interspecific hy­
brids. Focke’s own experiments involved the crossing of species of Raphanus, 
Melandryum, Rubus, Anagallis, Digitalis and Nicotiana. While the actual num­
ber of crosses made by Focke was few, and the results, as in the case of most 
other observers of hybrid phenomena, were not analysed with respect to the 
generations of the hybrids, yet in the single case of a cross made between 
Digitalis purpurea x D. ambiqua, Focke made measurements on certain organs 
in the parents and in the hybrid, and these, with few exceptions, would appear 
to constitute the only quantitative measurements made on hybrid cases prior 
to 1900.

Henslow (1891) reported a cross between Digitalis lutea x D. purpurea. 
MacFarlane (1890) made crosses involving Rhododendron, Hedychium, Cy- 
tisus, Dianthus, Drosera, Ribes, etc. Marschall (1892) described species hybrids 
of Salix and Epilobium. Wilson (1900) reported on crosses between species of 
Passiflora, Albuca, Ribes and Begonia. In a report on an international conference 
on genetics, Camus (1907) listed interspecific hybrids produced between Euro­
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pean flowering plants. Similar lists were given by MacDougal (1907) for 
hybrids produced in the USA and by Leveille (1917) for those found in France. 
Later, in the first volume of a book entitled Plantes hybrides de France, Guetrot 
(1927) described 69 hybrids, dealing with a further 32 in a volume published in 
1929, and finally with Saxifraga interspecific hybrids in a 1931 publication. 
Cockayne (1923) lists New Zealand hybrids, and Drice (1928) the 500 or more 
interspecific hybrids to be found in England. Valuable information on inter­
specific hybrids within the Gramineae family is presented by Ullmann (1936), 
Myers (1947) Carnahan-Hill (1961) and Knobloch (1968).

Outstanding work on interspecific crosses was also carried out by Burbank 
(1914) in America and by Michurin (1925) in the Soviet Union. The success 
achieved by these authors had a stimulating effect on other researchers in this 
field. During this period interspecific crosses were carried out in Denmark 
(Anderson, 1931) and France (Hansen, 1959). Garay-Sweet (1974) described 
species hybrids in orchids and Yarnell (1956) in crucifers.

Developments in interspecific and intergeneric crossing can be divided into 
three phases: the first consisting of Koelreuter’s work and his predecessors, a 
period excellently reviewed by Zirkle, the second being the wide-ranging work 
on interspecific and intergeneric hybridisation begun in the 1900s and described 
in a book by Roberts.

Indubitably, these first attempts at interspecific hybridisation were of botani­
cal interest, rather than of practical importance. Nevertheless, great significance 
is attached to these early endeavours, since they formed the basis for later work 
which gave rise to numerous theoretical and practical results. Real success was 
achieved in the third phase, when the investigations were complemented with 
cytological, genetic, biochemical (electrophoresis, isoenzymes, DNA, histone, 
etc.) and physiological analyses (Anderson, 1949; Belea, 1976; etc.).

After 1910, mention is made (Winge, 1917) of fertile interspecific hybrids 
produced by polyploidisation from sterile hybrids for use in evolution research.

* * *

Details will now be given on the history of interspecific crossing for a number 
of major plants.

Within the Gramineae family the first wheat (Triticum) species hybrid was 
described by Hallet in 1861 (Rosie, 1955). Cifferi (1955) mentions even earlier 
researchers who dealt with interspecific crossing, such as the botanists Bellardi 
and Barelle, who attempted to cross various wheat species in 1807-1809. 
Percival (1921) draws attention to the work of Bromsgrove, who reported 
results achieved in this field at a meeting of the English Agricultural Society in 
1846. During the same period Raynbird (1851-1855) produced species hybrids 
from the Triticum aestivum x T. turgidum conv. durum combination. In the 
1860s interspecific hybrids were produced in Scotland by Shierreff (1897), as 
reported by Percival (1921), in the USA by Pringle and Blount and in 
Germany by Rimpau (1877-1891). In 1863 the French botanist Naudin men­
tioned interspecific crosses involving tetrapioid and hexapioid wheat; this au­
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thor also dealt with the segregation of certain outstanding morphological traits 
of wheat species hybrids and attempted to analyse them. Spillman (1901), too, 
reported on the genetic analysis of Fj and F2 species hybrids of T. dicoccum x 
T. aestivum, etc.

Up to the turn of the century numerous other well-known researchers, such 
as the German author Kornicke (1885), the Frenchmen Godron (1873) and 
Vilmorin (1880, 1889), the Dutchman Beijerinck (1884, 1886), the Australian 
Farrer (1898), etc., dealt with the subject of interspecific crossing in wheat. In 
a report to the Societe Botanique de France on the hybridisation of wheat, 
Vilmorin stated that the characters of the hybrids in the sativum crosses were 
generally intermediate, sometimes more closely resembling one parent, 
sometimes the other, and sometimes showing characters found in both. When 
a pubescent wheat, Ble a duvet, was crossed reciprocally with a reddish, beard­
less, smooth spelt (T. spelta), the products of the cross were intermediate if spelt 
was the female and Ble a duvet the male parent. The report also mentioned 
reciprocal crosses made in 1878 between T. sativum and T. turgidum, durum, 
polonicum and spelta.

It can thus be said that work on the interspecific crossing of wheat was begun 
in the middle or second half of the last century and was aimed at the solution 
of definite theoretical and practical problems. These acitivities, and especially 
the work carried out in Sweden in the early 1900s by Nilsson-Ehle (1908-1911) 
and, as reported by Roberts (1965), by Biffen (1905) and Love-Graig (1919), 
who based their research on modern theories and techniques, attracted many 
theoretical and practical experts to this untapped area of wheat breeding and 
research on the origin of wheat.

In Hungary, work on the interspecific crossing of wheat was not commenced 
until after 1945 (in Magyarovar, Fertod and Kompolt) and was aimed chiefly 
at breeding for disease resistance. Wide-ranging research on interspecific and 
intergeneric crosses in wheat were begun in 1950 in Martonvasar (Lelley-Raj- 
hathy, 1955; Belea, 1964) and later, in 1971, in the Institute of Genetics of the 
Szeged Biological Centre. In addition to practical aspects, the main aim here 
was evolution genetics (Belea, 1971, 1976, 1982, 1984 etc. Belea-Fejer, 1981). 
In addition to wheat species, these crosses also involved certain species of the 
Aegilops, Secale, and later the Agropyron, Hordeum and Avena genera.

After a number of unsuccessful attempts, the first wheat (Triticum) x 
wheat-grass (Agropyron) hybrid was produced by Wilson (1875). This work 
was continued in the Soviet Union by Tsitsin and co-workers (1957). Tsitsin 
made his first, unsuccessful, attempts at crossing in 1929, at the instigation of 
Michurin. Later, his persistence paid off. The wheat x wheat-grass crosses led 
to unexpected practical results, which stimulated researchers to carry out further 
crosses (Szalay-Belea, 1962). In addition to various species of Agropyron (A. 
elongatum, A. trichophorum, A. glaucum, A.junceum, A. repens), hybridisation 
was extended to include crosses of wheat with Elymus, and later Haynaldia and 
Aegilops species (White, 1940).

In Hungary, Arpad Kiss carried out the first wheat x wheat-grass crosses at 
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the Plant Breeding Institute in Mosonmagyarovar in 1946. This work was 
continued in Martonvasar in 1950. The hybrid material produced was later 
developed by Szalay (1968), who selected promising lines from combinations 
of an Agropyron elongatum x Triticum aestivum hybrid back-crossed several 
times to T. aestivum.

A sterile hybrid of wheat (Triticum) x rye (Secale) was first described to 
the Edinburgh Botanical Society by Wilson in 1875. His work was aimed at the 
unification of the favourable characters of the two crops. Finally, the German 
breeder Rimpau succeeded in producing the first fertile wheat x rye hybrid in 
1890; this became known as triticale. After this work was published in 1936, 
several researchers became interested in the subject (e.g. Muntzing, Pissarev— 
Vinogradova, 1945; Katterman, Wellensiek, 1947) and produced 2n = 56- 
chromosome octoploid wheat x rye amphiploids by means of colchicine treat­
ment. In the 1950s a hexapioid (2» = 42) form of triticale was also produced 
(O’Mara, 1947; Nakajima, 1951 etc.). In Hungary successful wheat x rye 
crosses aimed at uniting the favourable properties of the two crops were carried 
out in Magyarovar by Obermayer in 1917 and by Gyorffy in 1948, and by 
Fleischmann in Kompolt in 1943. The first fertile hexapioid and octoploid 
triticales arose in 1953 as the result of research by Kiss-Redei, which later led 
to the production of the first secondary hexapioid triticales (cultivars No. 57 and 
No. 64). The triticale breeding now is in progress in Kecskemet under the 
guidance of Arpad Kiss and his son Jozsef has won world-wide recognition. The 
results obtained in Kecskemet greatly promoted the success of triticale breeding 
in Mexico (CIMMYT), Europe and India.

Reports on crosses between marrow species (Cucurbita) belonging to the 
Cucurbitaceae family were particularly frequent in the 1930s (MacKay, 1968, 
1972; Ruttle, 1932; Whitaker, 1954, 1956, 1962 etc.), though similar work 
was also carried out in previous years. The hybridisation experiments reported 
by Sageret (1826) were largely confined to the Cucurbitaceae. This French 
author crossed musk melons with candaloupes, but found that in the two hybrid 
fruit obtained, the characters were not blended or intermediate at all, but were 
clearly and distinctly those of one or the other parent. During this same period 
hybridisation work was also published by Knight (1799) and Herbert (1819). 
In 1902 Bailey was the first to produce a viable Fr generation from the Japanese 
‘Crookneck’ (Cucurbita mixta) x ‘Connecticut Field Pumpkin’ (C. pepo) 
combination. The 88 Ft plants were phenotypically more similar to the C. pepo 
species, the only difference being in the state of development of the lower flowers 
of the plants. In a reciprocal cross Erwin-Haber (1929) achieved 25% seed 
setting; this combination also led to the raising of viable plants. Casteller 
(1930) also obtained fertile Fi plants from a Cucurbitapepo x C. maxima cross. 
van Eseltime (1937) successfully carried out interspecific crosses between C. 
pepo and C. moschata. Later, Weiling (1955), Whitaker (1956), Bemis (1976), 
etc. made even more extensive crosses between marrow species.

Crosses between Brassica species were also initiated at the beginning of the 
century (Morinaga, 1928, 1929; Okonagi, 1934, etc.) and were later continued 
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by numerous authors (Kato-Tokumasu, 1976; Kiss-Belea, 1958; Kamala, 
1976; Mackay-Low, 1975; McNaughton, 1973; Robbelen, 1960, etc.).

The first cross between sugar cane (Saccharum) species was made in 1914 by 
Barber, who crossed Saccharum officinarum x S. spontaneum. The first inter­
generic cross was carried out between Saccharum officinarum and Narenga 
porphyrocama in 1916. Later, Venkatramian (1931) and Janaki-Ammal 
(1938), Bourne (1935) and Williams-Cameron (1936) reported on crosses 
between sugar cane and other genera (Sorgum, Panicum).

The first artificial interspecific cross involving sunflower (Helianthus) was 
described by Cockerell in 1918 (H. petiolaris x h. annuus). This work was 
later continued by Heiser (1954).

1.3 Origin of cultivated plants and interspecific crossing

Before giving details on interspecific and intergeneric crosses, a brief review will 
first be presented on the current state of knowledge regarding the origin or 
derivation of cultivated plants.

Many cultivated crops (yellow lupins, castor oil plant, hops, chicory, white 
mustard, white sweetclover, villous and Hungarian vetch, lettuce, perennial 
rye-grass, oat-grass, meadow fescue, smooth bromegrass, etc.) have their origin 
in wild species of the plant; these crops differ from their ancestors only in their 
cultivated nature. They often lose the traits associated with cultivation and are 
very similar to their wild forms.

Other cultivated plants (e.g. lentils, forage turnips, carrots, horse beans, flax, 
hemp, red and purple clover, etc.) developed from a variant of the wild form. 
As in the previous group of plants, these too differ from the wild species only 
in their cultivated nature.

Another group of cultivated plants is treated by taxonomists as being com­
pletely new species, differing both morphologically and in their cultivated nature 
from the original wild species. This group includes rice, millet, beans, soybeans, 
white-flowered lupins, fodder vetch, etc.

Yet another group of plants arose from the wild species through gradual 
mutations, e.g. barley, bristle-grass.

It has long been known that many cultivated crops are the result of spon­
taneous interspecific crosses due in large part to repeated mutations and human 
intervention (selection).

Among the cereals (Gramineae) the form of rye now cultivated developed as 
the result of numerous spontaneous crosses between perennial and annual wild 
rye species. In the first instance the species Secale dighosicum, S. afghanicum and 
S.ancestrale came into existence through a cross between 5. montanum (moun­
tain rye) and S. kuprianovi, followed by multiple mutation. In the second stage, 
crosses between these species, together with micromutations, led to the develop­
ment of 5. segetale, which subsequently gave rise to the species of rye currently 
cultivated (Fig. 4).
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Secale Silvestre

S.africanum S.vavilovii

Fig. 4. Hypothetical course of evolution for cultivated rye (Mandy, 1972)

Like rye, oats (Avena sativa) also developed from a weed plant. Although 
in Hungary only forage oats (Avena sativa) are grown, in various other parts 
of the world numerous oat species, such as A. strigosa, A. abyssmica and A. 
byzantina are also in general cultivation. The majority of these species arose 
from wild-grown related species by means of mutation and interspecific cross­
ing As in wheat, here too di-, tetra- and hexapioid (n = 7, genome A; n- 14, 
genome AB, AC; and n = 21, genome ACD) lines can be found. In contrast to 
wheat however, in the Avena genus original species are known at all polyploid 
levels (diploid = A. hirtula; tetraploid = A. sterilis) (Table 1).

Table 1.
Polyploidy series of oat species (after Rajhathy-Thomas, 1974)

Polyploidy 
level

Genome
floret

Diaspora 

spikelet cultivated

Diploid 
2n-2x=14

C Cp-p 
CVCV 
ApAp 
aa 
AdAd

ACAC

a8as 
AWAW

clauda Dur.

prostrata Lad. 
longiglumis Dur. 
damascena Rajh. 
et Baum

wiestii Steud. 
hirtula Lag.

pilosa M. Bieb. 
ventricosa Bal.

canariensis Baum.
et Rajh.

strigosa Schreb.

Tetraploid 
2n = 4x = 28 AABB barbata Pott 

vaviloviana Mordv.

magna Murph. 
murphyi Lad.

abyssinica 
Hochst.

Hexapioid 
In = 6x = 42

AACCDD fatua L. sterilis L. byzantina 
C. Koch 
sativa L.
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Cultivated maize (Zea mays L.) also developed through interspecific crossing 
(Galinat et al., 1964). Its evolution began with the spontaneous crossing of wild 
maize with a species from the Manisuris genus. This gave rise to Tripsacum 
dactyloides, probably as a reduced amphiploid after polyploidisation. A natural, 
accidental back-cross of this species to the primitive cultivated maize led to the 
introgression of chromosomes and genes of Tripsacum, and thus of Manisuris, 
into the genomes of primitive cultivated maize. It was this introgression that 
gave rise in Central America to the development of teosinte (Euchlaena mexica- 
na). Changes also occurred in the original cultivated maize when traits charac­
teristic of Tripsacoides made their appearance in the species. This type crossed 
spontaneously with the original cultivated form of maize and also with teosinte 
and Tripsacum. Later, extremely valuable forms far surpassing the original type 
in yield potential were selected from these hybrid combinations. The introgres­
sion of Manisuris chromosomes and genes made it possible for the enormous 
maize ears to develop. At the same time an intense heterosis effect was manifest­
ed, primarily in yield potential. The tripsacoid type is characterised by small 
maize ears and grains. Mutability also became substantially greater, leading to 
increases in resistance to drought, heat and diseases.

The other genus which may have played a part in the origin of maize is 
Euchlaena, two species of which are found in Mexico (E. mexicana-teosinte and 
E. perennis). The annual teosinte greatly resembles maize in its tillering system 
and in the fact that the male and female flowers are separately located. E. 
perennis, though slightly resembling teosinte, differs from it considerably in that 
it is a perennial and has a chromosome number double that of maize (n = 20). 
In spite of this, Schiemann (in Mandy, 1972) attributes an important role to 
E. perennis in the hypothetic origin of maize through intergeneric hybridisation 
(Fig. 5).

Archaeological research also provides clear evidence of the appearance of the 
tripsacoid hybrid Tripsacum x Zea or Euchlaena x Zea during the Coxcatlan 
period. Both early and late types existed, as did crosses between the intergeneric

Euchlaena perennis

E. mexicana

- pop-corn

----------- ► X

Andro pogoneae

Zea antique X -------- ►flint corn

Areca
- primitive maize

(with tiny 
pointed kernels) .,

after mutation, 
cultivated maize

Fig. 5. Outline of the origin of cultivated maize through intergeneric hybridisation 
(MAndy, 1972)
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hybrid and Zea ( Naltel chapalota type). Later, in around 200 B.C., the present 
types developed.

It would thus seem that the modern form of maize evolved through multiple 
interspecific crosses involving a sorghum and both species of Euchlaena. Many 
authors reject this theory, since the gene centres of sorghum and maize are 
geographically very far removed from each other. An explanation has been 
found for this, however. Sorghum could have reached the Mexican coast from 
Africa with the ocean currents, a possibility proved feasible by the expeditions 
led by Heyerdahl.

As in wheat and oats, polyploid series are found in the varieties of cultivated 
sorghum (Sorghum bicolor). Sorghum versicolor contains n = 5 basic chro­
mosomes, 5. sudanense n=10 and S. halepense n = 20 chromosomes in the 
gametes. The two latter species are polyploid. The exceptional richness of forms 
can be attributed to interspecific crosses between the 23 Sorghum species belong­
ing to three major groups (S. arundinaceum, S. virticilliflorum and S'. aethiopi- 
cum), combined with micromutations.

Italian rye-grass (Lolium multiflorum) evolved from an interspecific cross 
between L. perenne and L. temulentum, Trifolium hybridum from T. pratense x 
T. repens, Medicago media from M. sativa x M.falcata and Epilobium roseum 
from E. aduatum x E. montanum.

Among the root and tuber crops, potato (Solanum tuberosum) probably also 
arose through a spontaneous cross between S', stenotomum, indigenous to Peru, 
and S', sparsipilum, followed by genome mutations. Artichoke (Helianthus 
tuberosus), too, may have arisen from a spontaneous hybridisation between an 
unknown autotetraploid species and sunflower (Helianthus annuus). In a simi­
lar manner, sunflower (Helianthus annuus) itself also derives from an ancient 
interspecific cross between H. petiolaris and the original wild form of H. annuus.

The ancestor of beet (Beta vulgaris) was B. vulgaris ssp. maritima, which 
arose from crosses between other species (B. macrocarpa, B. atriplicifolia).

Among the horticultural plants, the brassicas owe their richness of form to 
interspecific crossing, in the opinion of Nagahura. This hypothesis was con­
firmed by Frandsen, who, in 1947, produced the species B. carinata, B.juncea 
and B. napus from the basic species (Fig. 6). In 1950, Rudorf also successfully 
produced the amphiploid B. napus. It is also known that the subspecies B. napus 
ssp. oleifera arose through a cross between B. oleracea and B. campestris. The 
brassicas not included in Fig. 6 also originated from natural hybridisation 
between a number of species (B. balearica, B. montana, B. insularis, B. rupertis, 
B. cretica, B. alboglabra, etc.) and through a whole series of micromutations. 
The popular cabbage (B. oleracea), however, is not of interspecific hybrid 
origin. Naturally, in addition to interspecific crossing and multiple micromuta­
tions, human intervention in the form of selection also played an essential role 
in the development of the current forms of brassicas.

The radish (Raphanus sativus) probably also arose with human assistance 
from combinations of the major ancestor of radishes, R. maritimus, with wild 
species (R. rostratus and R. raphanistrum).
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Fig. 6. Allopolyploid species originating from crosses between Brassica species (Mandy, 1972)

Peas (Pisum sativum) are also the result of interspecific crossing. On the 
Eastern coast of the Mediterranean and in Asia Minor, crosses between the wild 
species P.fulvum and P. elatium led to hybrid combinations from which, as the 
result of recombinations and multiple micromutations, together with various 
types of selection, two new species, P. syriacum (in Asia Minor) and P. abyssini- 
cum (in the south-west part of the Arabian peninsula) came into being. Later, 
in Abessinia, these two species crossed with the P. elatium species to give types 
with extremely favourable economic properties, and these later entered general 
production as cultivated peas (Lehmann, 1954).

Many berried plants, such as currants (Ribes sp.) arose from crosses between 
three wild species (R. rubrum, R. spicatum and R. sylvestre). Many authors 
consider R. rubrum to be a hybrid of the two latter species.

Five wild species (Rubus bolley, R. ulmifolius, R. tomentosus, R. incanescens, 
R. muschus) played a role in the development of the European relatives of 
blackberry (Rubus sp.). The presently known species of blackberry evolved 
through crosses between these species, followed by back-crosses, doubling of the 
chromosome set, the occurrence of diploid gametes and apomixis.

Among the stone-fruits, almond (Prunus amygdalus) owes its origin to the 
species combination P. bucharica x p, fenzliana, and sour cherry (Prunus 
cerasus) to P. avium x P. fruticosa. The wide variety of forms existing in the 
apple and pear subfamilies can also be attributed to crosses with numerous wild 
species and to polyploidy.

Among the medicinal plants, peppermint (Mentha piperita) is probably a 
derivative of a triple species hybrid (M. aquatica x M. silvestris x M. rotun- 
difolia).

In the same way, numerous ornamentals also arose due to spontaneous 
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crosses between various wild species. Examples of this are petunia (Petunia 
atkinsiana) from P. violacea x P. nyctaginiflora, rose (Rosa sp.) from R. gallica 
x R. chinensis, Primula elatior from P. versis x p. vulgaris, dahlia (Dahlia 

pinnata) and gladiolus (Gladiolus cultorum).
Many of the highly valuable crops cultivated today were only able to develop 

from interspecific and intergeneric crosses because the multiplication ol their 
chromosome sets (auto- and allopolyploidy) meant that the first geneiation 
became fertile (see section entitled Polyploidy). Among the cultivated crops, 
some of the most valuable belong in this group, including wheat, rape, common 
tobacco, coarse tobacco, white clover, Kentucky bluegrass, cotton, etc.

The strawberry (Fragaria ananassa) is also an autotetraploid plant. The 
different variants can, however, be regarded as vegetatively reproduced hybrid 
clones originating from crosses between two octoploid species (F. chiloensis and 
F. Virginia). In later stages a genome from another octoploid species (F. cuneifo- 
lia) also enriched the genome stocks, thus contributing to the wide variety of 
forms. Plums (Prunus domestica) are an amphiploid of sloes (P. spinosa) and 
myrobalan plums (P. cerasifera).

A classic example of the significance of allopolyploidy is the origin of the 
wheat series (Triticum). The basic chromosome number of the Triticinae sub-. 
tribe is n = 7. As the result of chromosome aberrations, structurally differing 
genomes arose from the 7-chromosome original genome, and due to the inhibi­
tion of gene exchanges, these genomes accumulated differing sets of alleles. This 
led to the formation of morphologically different species groups, such as Triti­
cum (wheat), Aegilops, Agropyron (wheat-grass), Secale (rye) and Haynaldia.

It has been known since 1918 that the Triticum genus has three polyploid 
levels (2n = 14 diploid; 2« = 28 tetrapioid and In = 42 hexapioid). The pioneering 
work of Kihara (1924) and Sax (1922) served to clarify the allopolyploid nature 
of these polyploid series, indicating that the genome formulae of the Triticum 
genus are AA, AABB or AAGG, and AABBDD or AAAAGG.

There are various theories as to the origin of the individual wheat species. The 
taxonomists are unanimous in tracing the A genome to diploid wheat (w = 7). 
Opinions differ, however, as to which diploid what was the original parent. 
Right up until 1937, when Tumanyan discovered T. urartu, the most primitive 
form of the diploid series yet known, T. monococcum ssp. boeoticum, discovered 
by Balansa in 1854, was regarded as the most ancient species of wheat 
(Lelley-Mandy, 1963).

The diploid wild species widespread in the hills of Western Asia and in the 
Balkan peninsula are endemic under fairly isolated ecological conditions. This 
situation has led to ecogeographical types developing within the same polyploid 
level. One strange type, var. aegilopoides, has a single grain per spikelet and a 
single floral glume awn, and has adapted itself to a very limited, extremely arid 
climate. The greatest grain yield is given by this type between different diploid 
wheat species T. monococcum (eincorn), which is still cultivated in some regions, 
probably originated from this form. In Central Anatolia the var. thaoudar 
appeared, which has two awns and often two grains per spikelet. The third type,
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T. urartu, where the awns are again two in number, but are shorter and 
diverging, is indigenous in the eastern part of the area mentioned (Lebanon, 
Taurus mountain range) (Johnson, 1975). Spontaneous crosses can take place 
between these types with no difficulty whatsoever.

Karyologically (as regards the ratio of the long and short arms of the chro­
mosomes), T. urartu does not diffef substantially from the other diploid species. 
Immunochemical methods showed quite different protein patterns, however 
(Johnson, 1975; Konarev, 1975). Slight differences were found in the spectra 
of focussed isoesterases (Fig. 7) (Jaaska, 1974; Belea, 1976) and in the course 
of chromosome identification by means of the heterochromatic staining 
(C-band) technique. The differences in banding suggest that T. urartu did not 
arise from ssp. boeoticum, but evolved parallelly with this subspecies from a 
common ancestor (Belea, 1971).

Certain authors claim that there were two paths of evolution. Mandy (1971), 
for instance, states that only species originating from the ancestor (T. urartu) 
of the Western gene centre (urartu - georgicum - carthlicum - aestivo-compac- 
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turn - aestivum) reached the hexapioid level, while the other course of evolution 
(boeoticum - monococcum - dicoccoides - durum - turgidum - polonicum) 
remained at the tetrapioid level. Both diploid wheat species are regarded as 
separate evolutionary sources by Gubareva and co-workers (1975), who con­
sider that the A genome of T. timopheevii originates from ssp. boeoticum, while 
the A genomes of the other tetrapioid wheats stem from T. urartu.

The important role played in evolution by T. urartu is confirmed by observa­
tions indicating that ssp. boeoticum is resistant to stem and leaf rust, while 
T. urartu is susceptible to these diseases. This unfavourable character would 
appear to be characteristic of wheat species (georgicum - aestivum) originating 
from this species.

For wheat {Triticum L.) the first step in polyploidisation is the tetrapioid level, 
the A genome of which, as mentioned above, originated from diploid wheat. 
The general opinion among early researchers was that these wheat species arose 
monophyletically. However, the genetically and morphologically very isolated 
tetrapioid T. timopheevii (AAGG), discovered in Western Georgia in 1923 by 
Zhukovsky (1928), suggests biphyletic origin. It is extremely difficult to cross 
this species with other wheat species, and any hybrid progeny achieved are 
generally sterile (see section entitled Hybridisability of species and genera).

The genetic isolation of T. timopheevii, the second genome of which is desig­
nated as G due to desynapsis stemming from genic interaction, is obvious from 
its karyotype, which differs from that of the other tetrapioid wheats (Gior- 
gi-Bozzini, 1969), its DNA content (Rees-Walters, 1966), its cytoplasmically 
male sterile nature (Wilson-Ress, 1962), its immunochemical response (Boz- 
zini, 1970) and from differences in its esterase and alcohol dehydrogenase 
zymograms (Fig. 8).

® -------
ADHun

T turgidum T timopheevii

Fig. 8. Alcohol dehydrogenase zymograms of Triticum turgidum (AB) and T. timopheevii (AG) 
(Belea, 1976)
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The origin of the G genome of T. timopheevii is unknown. On the basis of 
chromosome pairing analysis (Shands-Kimber, 1973) it has been suggested that 
Aegilops speltoides (S) was the donor of the G genome. This supposition is not 
confirmed, however, by the results of chromosome identification carried out 
with Giemsa (C-band) staining. The banding in the heterochromatic material 
of the two species is not identical, though the similarity between Ae. speltoides 
S and T. timopheevii G is greater than that between S and the B genome of the 
T. turgidum group. A similar conclusion can be drawn from a comparison of 
the isoesterases obtained by isoelectric focussing from T. timopheevii, ssp. 
hoeoticum and Ae. speltoides (Fig. 7). Kushnir-Halloran (1983) suggest that 
the G genome of T. timopheevii (the B genome of the T. turgidum group) could 
have developed through macromutation from the B genome of the T. turgidum 
group. This suggestion was based on the fact that these authors selected 
T. timopheevii types from a ssp. dicoccoides population and these gave 55.5% 
seed setting and fertile Fj progeny when crossed with natural T. timopheevii.

The origin of the B genome of wheat species belonging to the T. turgidum 
group is also unknown. Recently there has been a revival of the theory that 
tetrapioid wheat is simply an autotetraploid of the diploid species (Schiemann, 
1932; Schrimpf, 1951). On the basis of electrophoresis analyses on grain protein 
patterns, Johnson (1975) considers the species T. urartu to be the source of the 
B genome, mentioning ssp. boeoticum (A genome) as the other parent. It was 
demonstrated using the heterochromatic staining technique that the banding in 
the A genome of T. urartu differed from that of the chromosomes belonging to 
the B genome, which meant that this species could not be the donor of the B 
genome. In the course of addition, characters which are missing from T. urartu 
were introduced into emmer wheat from the B genome. There was a distinct 
improvement in the heat tolerance, adaptability and disease resistance of tetra- 
ploid wheats. The more intense vegetative development and the higher 
chlorophyll content are also characteristic of these wheats alone.

The possibility of autotetraploid origin is also excluded by observations made 
by Belea (1965, 1976), who found that when an autotetraploid T. monococcum 
(AA) was produced, it resembled the diploid T. monococcum much more closely 
morphologically than ssp. dicoccoides in spite of its 2n = 28 chromosomes. It 
only differed from the initial species in its slower development, darker leaf 
colour, larger ears and thousand grain mass. These observations were confirmed 
by the electrophoretic protein patterns (Fig. 9).

McFadden-Sears (1944) considered the B genome to be derived from 
Agropyron triticeum. Later, Sears (1956b) gave Aegilops bicornis and Gubareva 
and co-workers (1975) Ae. longissima as one of the parents. An earlier sugges­
tion by Pathak (1940) that Ae. speltoides might be the source of the B genome 
received cytological confirmation during work by Sarkar-Stebbins (1956) and 
Riley-Chapman (1958), etc. This is still the most generally accepted hypothesis, 
based as it is on the great similarity of the satellite chromosomes (IB and 6B) 
belonging to the B genomes of Ae. speltoides and tetrapioid wheat and on the 
fact that Ae. speltoides and diploid wheat are found on the same geographical
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----------Ph

Fig. 9. Protein focusing diagrams of diploid Triticum monococcum, autotetraploid 
T. monococcum and ssp. dicoccoides (Belea-Fejer, 1980)

areas. The DNA content of the cell nucleus also appears to back up this 
assumption.

The hypothesis is refuted, however, by the diverse cytoplasmic nature of Ae. 
speltoides (Maan-Lucken, 1971), by the electrophoretic protein patterns 
(Johnson, 1972; Fejer-Belea, 1978a) and by differences in immunochemical 
responses (Aniol, 1973). The lack of success experienced so far in attempts to 
amphiploidise Ae. speltoides x diploid wheat in order to synthesise a tetrapioid 
wheat species, and the results of chromosome identification by staining with 
Giemsa (C-band) also exclude this possibility. All the chromosomes of Ae. 
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speltoides have heterochromatin which becomes intensively stained. Such in­
tense banding is not found, however, in the chromosomes of T. turqidum. Nor 
can the marker chromosomes of tetrapioid wheat in the B genome be found in 
Ae. speltoides (Hadlaczky-Belea, 1975). The question thus arises of whether 
Perhaps an as yet unknown or now extinct variety of Ae. speltoides could have 
been the donor of the B genome. It seems most likely, however, that some other 
diploid Aegilops species must have been responsible for the addition of the B 
genome. The most recent suggestion is that the B genome stems from the species 
Ae. searsu (n-7; genome Se). It is also possible that the repeated crossing of 
species containing different genomes brought about new species without anv 
substantial constitutional changes in the A genome.

In the second step of polyploidisation, in the hexapioid series, there are again 
two natural groups, namely T. zhukovskyi (2m = 42; genomes = AAAAGG) 
which originated bi- or polyphyletically, and T. aestivum (2« = 42 
genomes-AABBDD) The former is a hexapioid version of the species 
T. timopheevii. In sma l isolated areas of Western Georgia the local inhabitants 
still eat a form of gruel made from a natural mixture of the species T. monococ­
cum and T. timopheevii. For this reason, Bowden (1959) considered this to be 
spontaneous amphiploid °f the tW° SpeC‘eS and Pr°P°sed genome formula 
A n A^GG' The c°rrectness of this supposition was later confirmed cytologi- 
cally (Upadhya-Swaminathan, 1963; Tavrin, 1964), by means of comparative 
grain protein analysis (Aniol, 1973) and on the basis of esterase zymograms 
obtained by electrophoresis (Belea, 1976). The so-called fast moving (EI) 
esterase spectrum of the T. monococcum x T. timooheevii amnhinlnidT. timopheevii amphiploid coincides
completely with the spectrum obtained for 
ditions (Fig. 10). T. zhukovskyi under the same con-

E-1 esterase

T. timonovum T. zhukovskyi V. monococcum

Fig. 10. Esterase zymograms of wheat species belonging to the AG
parental species (Belea-Fej£r, 1981)

T. timopheevii 

genome group and their
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A role in the development of the T. aestivum (AABBDD) group of the 
hexapioid level was undoubtedly played by Aegilops squarrosa, the D genome 
of which found its way into spelt wheat. This group includes the smooth-grained 
ssp. sphaerococcum and ssp. compactum, and the fragile-eared, closed"awned 
ssp- macha, which is morphologically fairly similar to T. turgidum ssp. dicoccum 
and T. zhukovskyi. The karyotype of the chromosomes differs, however from 
that of these species. Mac Key (1975) does not consider ssp. vavilovii, another 
member of this group, as an independent subspecies, but as a variety of ssp. 
spelta, since vavilovoid types regularly segregate from the latter. This is not 
decisive evidence, however, since some authors obtained vavilovoid mutants 
from T. aestivum (Swaminathan, 1963) and others from ssp. carthlicum (Bara- 
bas, 1959) as the result of treatment with X-rays. It is thus conceivable that ssp. 
vavilovii is a vavilovoid mutant arising from ssp. carthlicum, and an amphiploid 
of Ae. squarrosa.

This does not exclude, of course, the possibility that ssp. spelta had some 
other origin. The ssp. spelta discovered in Iran (Kuckuck, 1959) did not arise 
in the same way or in the same place as the ssp. spelta which arose on the 
northern slopes of the Caucasus and migrated to the Alps. This then raises 
phylogenetic aspects of the speltoid question. In the course of mutation experi­
ments, Swaminathan (1963) obtained speltoid plants from T. aestivum. De­
pending on the weather, speltoid types are found with higher or lower frequency 
in field populations of common wheat. These plants can be readily crossed with 
ssp. spelta, giving fertile hybrids (Belea, 1971).

Despite what has been said, a really convincing answer has not yet been 
received to the question of the origin of the most important species for the 
human race, common wheat (T. aestivum). For a long time the Aegilops 
hypothesis of Percival (1921) was widely accepted, according to which the 
species was a reduced amphiploid form of ssp. dicoccum x Ae. cylindrica Sears 
(1959) mentions three possible origins of T. aestivum: (a) the amphiploid of ssp 
carthlicum x Ae. squarrosa; (b) segregation from the ssp. spelta x ssp. carth­
licum combination; and (c) a mutation from ssp. spelta. According to Belea 
(1976), all three routes are conceivable, as are other paths of evolution. This 
opinion is based on the fact that constant aestivoid types were found among 
sterile individuals with squarehead and compactoid ears segregating from the 
F2 generation of a ssp. spelta x ssp. carthlicum cross. These plants resembled 
cultivated wheat in every respect and when crossed with common wheat gave 
completely fertile progeny and a seed setting equivalent to that obtained in 
variety crosses. In a paper published in 1980, Zhirov submits a new theory on 
the origin of T. aestivum. He suggests that the species T. militinae 
(AbAbGG + q), a smooth-grained variant of T. timopheevii possessing the q 
factor, may have crossed spontaneously with Ae. squarrosa (AbAbGGDD + q), 
followed by amphiploidisation. The new species produced in this way was 
named T. miguschovae Zhir. and is virtually identical to T. aestivum. being 
smooth-grained and easily threshed. The disease resistance found in certain 
varieties of T. aestivum may have been borrowed from this source (Fig. 11). The
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wide variety of forms and excellent adaptability of common wheat may well be 
the result of its polyphyletic origin, involving the addition of the D genome of 
Ae. squarrosa and human intervention in the form of selection.

A possible scheme for the origin of Aegilops species is presented in Fig. 12. 
The correctness of the deviations in genome designations is confirmed by the 
data of interspecific crosses of Aegilops within the same level of polyploidy and 
by the frequent occurrence of irregular chromosome pairing.

A number of cultivated plants are autoallopolyploids, including sugar cane 
(Saccharum officinarum), etc. Bird’s foot trefoil (Lotus corniculatus) is prob­
ably an autotetraploid form of L. tenuis ssp. tenifolius, timothy grass (Phleum 
pratense) of Phleum nodosum, orchard grass (Dactylis glomerata) of D. ascher- 
soniana, and white clover (Trifolium repens) of T. hybridum. Stebbins (1947) 
regards tomato (Lycopersicon esculentum) as a diploidised allopolyploid. 
Groundnuts (Arachis hypogaea) are a segmental allopolyploid.

Many other cultivated crops of great economic importance are also allo­
polyploids, including, for example, Virginia tobacco (Nicotiana tabacum n = 24), 
which is an allopolyploid of N. sylvestris (n= 12) and N. tomentosa (n= 12) or 
possibly a species closely related to the latter. The S genome of N. sylvestris 
underwent various changes in the course of evolution, while the genome of the 
other parent species is constant. The coarse tobacco species N. rustica (n = 24)

Primitive
Nicotiana

2n=2i 

Alatae

pre-Tabacum 
2n = 2U

pre-Rustica 
2n = 2A

Undulatae

N. undulata
N. wigandioides
N.arentsii

N. alata
N. langsdorffii
N. bonariensis
N. forgetiana
N. longiflora
N. plumbaginifolia
N. sylvestris

Tomentosae

N. otophora
N. tomentosiformis
N. tomentosa
N. setchellii
N. glutinosa

Paniculatae

N.paniculata 
N knightiona 
N. cordifolia 
N. solanifolia 
N. rdimondii 
N. benavidesii 
N. glauca

genome UU 
2n=2l>

genome SS 
2n=24

genome TT 
2n=24

Rusticae 
N.rustica

Genuinae 
N. tabacum

genome PPUU 
2n = 48

genome SSTT 
2n = 48

Fig. 13. Outline of the origin of tobacco (Mac Key, 1970)

genome PP
2n = 24
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is the result of a cross between N. undulata and N. paniculata (n= 12) followed 
by spontaneous allopolyploidisation (Fig. 13).

The currently cultivated species of cotton (Gossypium hirsutum), namely 
G barbadense and G. hirsutum, are probably also derived from crosses between 
wild species (Mac Key, 1970). This supposition is backed up by the work of the 
American researchers Harland and Beasley, who succeeded in doubhng the 
chromosome number of the sterile first generation of a G. thurben (2n-26) x 
G. arboreum (2n = 26) cross by means of colchicine treatment, thus producing 
a completely fertile amphiploid, the plants of which could be readily crossed 
with American cultivated cotton to give fertile progeny (Fig. 14).

Research into the origin of various plant species gave rise to the idea of 
producing artificially synthesised species. This practical work then had a stim­
ulating effect on research into the evolution of species developing in nature. 
These efforts not only broadened the range of knowledge on the evolution of 
existing species, but also led to the production of new, as yet totally unknown

An excellent example of this is the artificial synthesis of cultivated cotton 
species through allopolyploidy, as was mentioned above. A simfiar success was 
achieved in proving that the third genome (D) of hexapioid wheat (AABBDD) 
originated from Aegilops squarrosa. During the artificial amphiploidisation of 
T. turgidum ssp. dicoccum or ssp. dicoccoides x Ae. squarrosa, McFad­
den-Sears (1946) and Kihara- Lilienfeld (1949) found that ssp. spelta seg­
regated from the F2 generation and that the plants obtained hybridised readily 
with naturally occurring ssp. spelta to give fertile progeny. Belea (1976) selected 
speltoid types from later generations of a T. turgidum conv. durum x Ae. 
squarrosa allopolyploid. Zhirov (1980) produced speltoid allopolyploids from 
the T. timopheevii x Ae. squarrosa combination. These data are confirmed by 
the results of heterochromatic staining. The examinations show that all the Ae.

Primitive
Gossyp/um

2n = 26

Klotzschianum
G. klotzschianum
G. raimondii

Herbacea 
G.herbaceum 
G. arboreum

G. gossypioides 
genome DD 

2n =26 
wild species

tetrapioid

genome AA 
2n =26 

wild and cultivated 
species

G.tomentosum (wild!

G. barbadense (cultivated)
G. hirsutum (cultivated)

2n = 52

Fig. 14. Outline of the origin of cotton (Mac Key, 1970)
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squarrosa chromosomes have a characteristic staining pattern coinciding with 
the banding found for the chromosomes belonging to the D genome of hexa- 
ploid wheat.

The characteristic staining of the most distinctive marker chromosomes is as follows: 
on the shorter arm of the 7D chromosome there is a distinctive terminal band, below 
which a tiny heterochromatic dot can be observed. Below the centromere, which is poor 
in heterochromatic regions, two dots can be found on the longer arm (7DL). The 
heterochromatic region of two-thirds of the arm is intensively stained. At the terminal 
end of the satellite of the 2D chromosome and its shorter arm (2DS) there is a double 
band of intense staining, with a characteristic dot above the centromere. There is a 
double terminal band on the 2DL arm. An intense interstitial band of staining can also 
be observed on the 5DL chromosome. The centromere is not stained. Chromosome 6D 
contains the largest quantity of chromatin. Due to the very intense staining of the 
terminal heterochromatin, this chromosome is always easily recognised (Belea, 1976). 
This is confirmed by chromosome pairing and traditional karyotypic analysis carried out 
by Riley-Chapman (1960).

A considerable amount of karyotypic similarity can be observed between 
Gossypium and the Triticum-Aegilops complex. In the Triticum genus, the gene 
regulating chromosome pairing is located on the 5BL chromosome. Among the 
Gossypium species the A genomes of G. barbadense and G. hirsutum are constant, 
while the D genomes are modified. The A genome is homologous with that of 
an Asian diploid species which bears domesticated, self-fertile perennial traits. 
The D genome may have arisen from the wild American species G. klatschianum

Fig. 15. Outline of the origin of cultivated alfalfa (Simmonds, 1976)
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or G raimondii. Both diploid species are perennials, suitable for pollination by 
insects^and allogamous .The flowers of the former -e arge and deep^ 
the flowers and stigmata of the latter are smaller. These structural ainerences 
are also very reminiscent of what has been said on the allopolyploid origin o

ThTXjl"^ has also been artificially synthesised by
the ahopoly^ of the 2. caudata (C) and Ae.

Crosses between the autotetraploid species Medicago satwa, M. media, e . 
arising naturally from the diploid alfalfa species Medicago coerulea, followed 
by^adeq^aTese^ has led to the production of further Medicago species 

^Purposeful breeding (polyploidy, selection) has led to the creation of the 
Tuberosum and Andigena groups from wild diploid and allopolyploid potato

piants’followed by furrlhT' doub!lng uf I,he 
chromosomes of the Fi hybrids leads to the production of plants with a higher 
level of polyploidy thanis found injure. In ^y it proved po^ 
Nicotiana genus to combine the genomes y in aiNicunun & qnd the Australian N. debnegi (2m-4») in aAmerican N. tabacum (2m-48) ana the nus , J Smith
fertile allopolyploid with a chromosome number of In- 144 (Kehr Smith, 
1952) ThePfertile allopolyploid Bromus carinatus 1 rim also has an extremely 
ShwmoX Walter, 1950). At higher ploidy levels,
the loss or introduction of one or more chromosomes has less influence on the 
equilibrium of .he genome as a whole. This gives nse .0 .he phenomenon of 
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disploidy, i.e. intense variability in the chromosome number within the species 
In Kentucky bluegrass (Poa pratensis), in addition to a whole series of poly­
ploids (2m-28, 42, 49, 56, 63, 70, 77), numerous aneuploid plants occur with 
chromosome numbers ranging from 2m = 41 to 2m =124. A similar extent of 
disploidy can be observed for sugar cane (Saccharum officinarum). Crosses 
between two wild species of sugar cane with very variable chromosome num­
bers, S. spontaneum (2m = 54-128) and S. robustum (2m = 60, 80, 84, 96, 144) 
have given rise to cultivated variants which, due to their diverging habits are 
regarded by some taxonomists as three separate species, A. officinarum (2m = 80) 
5. barberi (2m- 82, 90, 91, 116, 124) and S. sinense (2n = 118, 120). If these plants 
are crossed with various wild species, further plants with widely varying chro­
mosome numbers are obtained. A high degree of disploidy has been observed 
in cultivated banana varieties, and also after crosses in a number of vegetatively 
reproduced ornamentals, e.g. Chrysanthemum, Iris, Crocus, Begonia etc

These data are clear evidence of the important role played by interspecific and 
intergeneric crosses and polyploidy in the evolution of plants.
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2. Circumstances required for interspecific 
and intergeneric crossing

In addition to the important crops mentioned in the previous chapter, numerous 
other plants are frequently dealt with in literature on interspecific and inter­
generic crosses. Many plant species were found which were easily crossed with 
each other, while others could only be crossed with difficulty, if at all, so it was 
impossible to produce hybrids from them using traditional methods. In general, 
the species which combine readily with each other are those which belong to the 
same genus, are taxonomically similar, and are fairly closely related to each 
other (interspecific crosses), or which belong to different genera within the same 
family, where the species themselves are not too distantly related (intergeneric 
crosses). The majority of hybridisable genera belong to the same tribe of the 
given family (Fig. 17). Hybrids between genera belonging to different tribes are

Bambuseae

Festuoeae

Hordeae

Oryzeae

---- 1-----
Chlorideae

Arundineileae

Phareae Paniceae

Melinideae
Andropogoneae

- - Imperata 
Miscanthus 
Miscanthidium 

Pogonatherum 
Polytri as 

Spodiopogon

Zoysieae

Agrostideae Aveneae

Erianthus

— Saccharum ---------L
Phalarideae

= hybridisability between genera

Eriochrysis 
Homozengos 
Eulalia 
Pollinia 
Ischnochlioa

— Sorgum 
May dene
— Tripsacum 

Polytoca 
Chionachne 

Sclerachne 
Coix 
Euchlaena

Zea

Fig. 17. Intergeneric hybrids (Krishnawamy-Chandrasekhar  an, 1960) 

37



extremely rare. According to the modern idea of biosystematics, the species of 
hybridisable genera should be considered rather as members of a comparium. 
Crosses between species belonging to different families are unknown to date in 
the case of higher plants, though research in this field (DNA hybridisation, 
protoplast fusion, gene manipulation) is extremely promising. Throughout the 
world, interest is centred on the possibility of crossing distant forms using 
experimental techniques.

A relatively large number of interspecific and intergeneric hybrids are known within 
the Triticeae tribe of the Gramineae family between genera belonging to the Triticinae 
subtribe (Triticum, Secale, Agropyron, Avena, Aegilops) (Ahokas, 1973.; Dewey, 1971) 
and the Hordeae subtribe (Hordeum, Elymus, Sitanion) (Fig. 18), and particularly 
between species within the various genera (Brink et al., 1944; Quincke, 1940; Raj- 
hathy-Symko, 1963). Hybrids can be produced with similar ease in the Andropogoneae 
between Sorghum, Iperata, Miscanthus and Saccharum (Loh-Wu, 1950; Janaki Ammal, 
1938; Raghaw an, 1952; Pritchard, 1965), between various species (Zea - Euchlaena) 
of the Maydeae genus and within these genera (Emerson-Beadle, 1930; Mangelsdorf, 
1947; Farquharson, 1957), between various species of Festuca and Lolium (Heszky 
1972a, b) and within the genera Agrostis, Bromus, Poa, Phleum, and Stipa (Myers, 1947; 
Ullmann, 1936; etc.).
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C. ficifolia

__________ = fruit formation, but without seeds
.................... - a few viable seedsi weak F-j plants

__________ ___ viable but sterile F1 plants . c nlants
__________ = weakly fertile F1 plants giving rise to sterile F2 plants

Fig. 19. Hybridisability of cultivated marrow species (Esquinas-Alcazar-Guliek, 1983)

A large number of interspecific hybrids have also been described within the 
between various species of Solanum (Propach, 1938; Hawkes, , 
Howard 1953’ Hougas-Peloguns, 1959), Nicotiana (Brieger, 1928, 1929, 
SSXira; BA^jSsiOurrA. 1969; GooM., 1945; Kostoff, 1930; Takenaka.

= cultivated Cucurbita species

________ = completely fertile hybrid
________ partially fertile hybrid

-------------- sterile hybrid
--------------unsuccessful cross
________ fruit formed but seed contain very small embryos

Fig. 20. Hybridisability of marrow species within the Cucurbita genus 
(Esquinas-Alcazar-Guliek, 1983)
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C. sou leaf us

C.ficifolius

Czeyheri

Cucumis anguria
- . 4 . (C.longipes)
C.prophetanum c.metuliferus

C. hardwickii

C. sativus

C.me/o

-o C.dinteri

C. sagittatus
C.heptadactylus

C. membranfolius
C. lepta der mis

---------------- viable F2 plants develop

----------------- viable F1 plants develop 

points to the maternal parent

★ (C.anguira x C.myriocarpus) F^ x C.hetadactylus

Fig. 21. Hybridisability of cucumber species (Esquinas-Alcazar-Guliek, 1983)

oC.humifructus

1958, 1959) and Lycopersicon (Bohn, 1948; MacArthur-Chiasson, 1947; Meszoly, 
1968; Meszoly—Farkas, 1971; Sahrigy et al, 1970; Sawant, 1958).

Among the genera of the Roseaceae family, interspecific hybrids can be obtained in 
the Rosa genus (Blackburn-Harrison, 1924; Fagerlind, 1948; Tackholm, 1922; 
Rozanova, 1938), in the Brassica, Raphanus and Sinapis genera of the Cruciferae 
(Becker, 1951; Karpechenko, 1928; Roemer, 1935), and within the Cucurbitaceae 
between species of the Cucurbita (Jamane, 1953; Whitaker, 1954, 1956) (Figs 19, 20) 
and Cucumis (Fig. 21) genera. Crosses can also be made with relative ease between species 
belonging to the genera Fragaria (Ichijima, 1978; Lilienfeld, 1933; Schiemann, 1951; 
Staudt, 1951), Oenothera (Renner, 1929), Epilobium (Lehmann, 1925), Primula. Prunus, 
Vitis (Koleda, 1966; Jelenkovic-Olms, 1969) and Beta (Coons, 1975; Curtis, 1967; 
Filutowicz-Kuzdovicz, 1959, 1970; Savitsky, 1958).

A considerable number of interspecific hybrids have been produced in crosses involv­
ing species of the genera Rubus (Kollanyi, 1965, 1974; Porpaczy-Kollanyi, 1963; 
Porpaczy-Farag6, 1950), Solanum (Babu Ross, 1965; Fukumoto, 1962; Rajki E., 
1966; Pal-Oswald, 1967), Oryza (Katayama, 1966; Morinaga-Fukushima, 1946), 
Gossypium (Malik-Latif, 1974), Mentha, Vicia, Phaseolus, Medicago, Melilotus, Lotus, 
etc.

Fewer interspecific and intergeneric hybrids are to be found in the Liliaceae, Lactuca, 
Verbascum, Populus and Helianthus genera, and in the Umbelliferae and Leguminosae 
families, though here, too, there are exceptions, e.g. interspecific hybrids can be readily 
produced in the Pisum (Pisum sativum x P. elatius) and Medicago (Medicago sativa x 
M.falcata) genera, while so far it has proved impossible to cross species of Lupinus and 
Vicia.

A similar lack of success in interspecific hybridisation can be observed in the genera 
Papaver, Digitalis, Salvia, Lavandula (Wettstein, 1933), Salix (Hakansson, 1929), etc.
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It is very difficult to achieve hybridisation between Zea and Coix lacryma-johi, and 
between species of Scleranchne (which is related to Coix, but has 2n = 20 chromosomes) 
and the Polytoca genus with Zea.

Though it is impossible to give a complete list, a wide range of interspecific 
and intergeneric hybrids are summarised in Table 2.

The success or lack of success of this work is influenced by numerous factors, 
the most important of which are the crossing technique, the climatic conditions, 
the flowering time, the hybridisability of the species - varieties - cultivars - 
biotypes, the direction of crossing, the polyploid level, genome differences, etc. 
A number of these factors act constantly, so it is very difficult to decide which 
of the factors inhibiting success play the most important roles, and which reduce 
or increase the effects of other factors in the course of hybridisation. If breeding 
is to be successful, a knowledge of the flower structures and flowering biology 
of the various plants, which will be dealt with below, is essential.

In the flowers of 70% of flowering plants both stamina and pistils develop. 
Such flowers are known as hermaphroditic (or androgynous) and are found in 
wheat, barley, oats, flax, rape, potatoes, etc. If only stamina or only pistils 
mature in the flowers, they are referred to as diclinous male or female flowers. 
Plants which have separate staminate and pistillate flowers on the same in­
dividuals are referred to as monoecious (e.g. maize, marrow, cucumber, walnut, 
oak, etc.), while those where the staminate and pistillate flowers develop on 
separate individuals are known as dioecious (e.g. hemp).

During pollination, the pollen is deposited straight onto the ovule in gymno­
sperms and onto the stigma in angiosperms. Both self-pollinating plants (wheat, 
barley, peas, flax, etc.) and cross-pollinating plants are known, the latter being 
considerably more frequent. In cross-pollinated hermaphrodites, self-pollina­
tion is prevented by various mechanisms. Most frequently, the anthers and the 
stigma mature at different times. If the stigma has not matured when the anthers 
ripen, the flowers are proterandrous, whereas if the stigmata ripen before the 
dehiscence of the anthers, the flowers are proterogynous.

If pollination takes place without outside interference, we speak of direct 
pollination. This is facilitated by the location of the anthers and the stigma. 
More frequently, however, even in the case of self-pollination, external forces 
(water, wind, insects) assist the transfer of the pollen to the stigma.

2.1 Flower opening

Before crossing can be carried out, it is important to know the flowering time 
of the plants. There are considerable differences between plants in this respect. 
Depending on the variety and the temperature, various plants flower at different 
times and for longer or shorter periods. The flowering of flax, maize, aubergine, 
etc. lasts for some two weeks. Depending on the variety and the production 
environment, cotton bushes may flower for several weeks. The flowering of 
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green peppers may also extend for a considerable period. The flowering of many 
plants lasts for only 2-3 or at most 12 days (barley, sorghum millet, potatoes 
etc.). Wheat flowers a few days after heading. First the ears of the mam shoot 
and then those of the side-shoots flower. The flowers open first in the middle 
of the ear, followed by the upper and finally the lower third.

The opening of the flowers also depends on the time of day. The flowers of 
some plants open in the morning (sorghum, maize, aubergine, etc.), others at 
mid-day (e.g. millet), and some during two periods (from 6-8 a.m. and from 5 5 
p m ) such as barley and rice. The flowers of convolvulus, morning glory, 
chicory, dandelion, etc. open at dawn, while those of hespens, evening primrose, 
etc. open at dusk.

2.2 Flowering time

One of the major difficulties encountered in interspecific and intergeneric cross­
ing is the lack of synchronisation in the flowering of the parent species, though 
this difficulty is fairly easy to overcome. It is now possible, using suitable storage 
conditions, to prolong the germination ability of the pollen, and the stigma can 
also be made fit for fertilisation. Nevertheless, crosses are not always successful. 
There may be numerous reasons for this, one of which is differences in flowering

The success of many interspecific and intergeneric crosses depends largely on 
the adequate synchronisation of the flowering times of the parent species. If 
crosses are to be made, the single or composite flowers of the two parents must 
open at the same time. The closer the flowering times of the two parent species, 
the more likely the cross is to be successful; and the greater the difference in 
flowering times, the less chance there is of achieving satisfactory results. It is 
particularly important for the flowering times to coincide for plant species which 
produce few flowers or which only flower for a short period. There is more 
likelihood of the flowering times coinciding if each flower remains open tor a 
longer period. In the Triticinae subtribe, for instance, the synchronisation of 
flowering times is a more important factor in interspecific and intergeneric 
crossing than the closeness of the relationship between the species, or differences 
in chromosome number and genome quality. Early ripening wheat varieties give 
90-50% seed setting with rye, while wheat varieties flowering 2-3 weeks later 
give a seed setting of only 0-7%. In the crosses Aegilops * Triticum and Aegilops 
x Secale, seed setting is again substantially better if the parent species flower 
at the same time than when the flowering times are very diverse.

Several methods are available for the elimination or reduction of the flower­
ing time differences which hinder interspecific and intergeneric crosses. It is 
often possible to synchronise the flowering of the parent species by preliminary 
raising in the greenhouse, by cutting back the first shoots of one of the parents 
or keeping them refrigerated to delay the flowering time. In the case of grasses, 
for example it may be sufficient to cut the ears and keep them in water in a 
warm, sunny room. If the difference between the flowering times of the parents 
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is too great, periodic sowing or photoperiodic treatment may lead to success. 
The spring sowing of vernalised winter parental species may also be successful, 
depending on whether the flowering time needs to be lengthened or shortened. 
Repeated cloning may also be a suitable method in the case of certain flowers, 
or for wild species of Agropyron, Hordeum, etc.

2.3 Climatic conditions

The flowering time is greatly influenced by the temperature, the air humidity, 
the sunlight duration, the wind, etc. On sunny, warm days, flowering begins 
earlier and lasts for a shorter time. In moist, rainy weather, on the other hand, 
the plants flower later, but for a longer period. Aubergines, for example, begin 
flowering in the morning hours at high temperature and humidity, while low 
temperature and humidity delay the opening of the flowers.

Crosses are more successful if the optimum flowering time of the plants is also 
taken into consideration. Crosses between species belonging to various genera 
(Triticum, Aegilops, Hordeum, Secale, Agropyron) of the Triticinae subtribe are 
much more likely to succeed if carried out under warm dry conditions, while 
the species of other genera (Avena, Brassica, etc.) can be better crossed in cool, 
humid weather. The most satisfactory conditions for fertilisation in the Grami- 
neae are a temperature of 20-25° C and a relative humidity of 60-70%. Car- 
ter-McNeilly (1973, 1975, 1976) found great differences when they examined 
the effect of humidity on pollination, the germination of the pollen tube, and 
seed setting. As the humidity rose and the temperature dropped, crosses became 
more successful, particularly if species-alien pollen was used to stimulate fer­
tilisation.

Certain interspecific crosses in potato (Solanum), such as S', polyadenium x 
S. jamesii, are only successful in autumn, when the weather has turned cooler. 
In potatoes, temperatures higher than 20° C cause a serious reduction in the seed 
setting percentage, especially if the plant is exposed to high temperature 48 
hours prior to flower opening or for the next 72 hours. In a similar manner, 
crosses between tobacco (Nicotiana) and tomato (Lycopersicon) species also 
give different results in autumn and spring. This is why quite different results 
may be achieved in many cases for the same interspecific and intergeneric 
crosses, depending on where they were carried out and under what climatic 
conditions. If the flowering of the parent species is extended over a longer 
period, the success of the cross is determined by the climatic conditions observed 
during various periods. The heat effect is more closely correlated with the 
maturity of the flowers than with the date of pollination.

There are also considerable differences between the plants as regards the 
ability of the stigma to become fertilised. The stigma of the sunflower can be 
fertilised for a period of 23-25 days. Ross-Webster (1959) found that the 
stigma of male sterile sorghum could only be fertilised with difficulty after the 
5th day from full flowering, and not at all by the 6-7th day. The stigmata of
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cereals can be fertilised for 2-3 days, or possibly for as long as 12 days, 
depending on the weather.

For the pollination of wheat, too, sufficiently mature stigmata and pollen are 
required. Belea (1964) examined wheat stigmata at various phases of develop­
ment in order to determine the optimum time for crossing. If the lobes of the 
stigma are still completely undeveloped and the pappus is still missing, the 
stigma is in development phase I. In the following phase (II), the pappus appears 
and the lobes become more distinct. Development phase III is characterised by 
the development of the stigma lobes. In development phase IV the stigma lobes 
are completely developed, while in the last phase of development (V) the lobes 
can be seen emerging from among the glumes, and the ovaries, too, are well 
developed. Depending on the plant species, the stigma is most suitable for 
pollination when it is still young and not completely developed, or (in the case 
of wheat) in development phase IV (Table 3). When crossing barley species, 
however, very undeveloped (phases II-III) stigmata, still in “boot”, give the best 
results, due to the strictly self-fertilising (flowering “in boot”) nature of barley.

In wheat, anthers which are yellowy green and have not yet opened are most 
suitable for pollination. When placed on the stigma, particularly in warm, sunny 
weather, they will split open within a short time and be capable of pollination. 
If possible, the flowers of the main ear should be fertilised, as the flowers in the 
side-ears produce less viable stigmata. Pollen should best be collected in the 
early morning. Pollination carried out in bright sunshine at mid-day is usually 
unsuccessful. If, for any unforeseen reason, the pollen cannot be used on the 
day it is collected, it can be kept in a refrigerator at 0° C until the next morning 
without suffering any damage. The best temperature for long-term storage is 
- 90° C, for instance in the case of maize. Pollen frozen in this way can be stored 
for an unlimited period.

The best time for pollinating potatoes is from two days before flower opening 
to three days after opening. Within this period, the best results are obtained by 
pollinating on the day of flowering or the next day. For maize, too, it has been 
observed that if the stigma becomes too long, i.e. if pollination is delayed, there 
is a reduction in seed setting.

2.4 Crossing techniques

Depending on the plant species, countless crossing methods are known, of 
which only a few of the most important will be outlined here. In principle, the 
technique of interspecific and intergeneric crossing within the same tribe is 
basically the same as that for variety crossing.

In practice, various crossing methods are employed, depending on the cross­
ing partners and the aim of the cross. Within the Triticinae subtribe, for 
example, the anthers are removed from the ears of the female parent using 
tweezers and the ear is then isolated with a cellophane bag. Following this, 
pollen from the chosen male parent is placed on the stigma using tweezers or
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a brush. The Lukyanenko method of group pollination can also be applied, in 
which case several pollinator ears are cut and tied beside the castrated female 
ear They are then stood in a phial of water and covered with a parchment bag. 
This method can only be employed if a sufficient quantity of well flowering 
pollinator plants are available. A slightly modified version of Borlaug’s pollina­
tion method can also be successfully applied, particularly for the crosses Tritt- 
cum x Secale and Aegilops x Secale. In this case, a quarter or a third ot t e 
rye glume is cut back with scissors, after which the three immature (green) 
anthers extending above the stigma are removed in a single action, taking care 
not to damage any of them. Finally, after isolation under cellophane for 1-2 
days, the pollinator and the castrated female ear are placed under a common 
parchment isolator. .

The anthers of the hermaphroditic brassicas must also be removed in the 
yellow bud stage before they reach maturity, after which the flower is isolated 
using a cellophane bag. In the same way, flowers with which the female plant 
is to be pollinated must also be isolated in the bud.

If the flowers are monoecious it is sufficient to isolate the female flowers (using 
cellophane or parchment bags) in order to avoid cross-pollination. The pollen 
of the chosen male species is introduced onto the stigma in various ways. In 
maize, sorghum, millet, etc. the pollen collected is simply sprinkled onto the 
flower, while in sunflower the pollen is brushed onto the stigma using a cloth. 
After pollination the female flower must again be isolated until the grain, seed 
or pods are formed. It is important to label these plants or shoots.

One way of castrating en masse, in the case of sorghum for instance, is to 
place the panicle in water at 50° C for 10 minutes, thus destroying the pollen. 
There are various other methods of mass castration, though these are not used 
in interspecific and intergeneric crosses. These include the production of cyto- 
plasmically or genically male sterile female plants, a method widely used for 
maize and sorghum, and which is still being elaborated for wheat and other 
plants (e.g. tobacco). More recently the pollen of the female plants is made male 
sterile using chemicals (2,4-dichlorophenoxyacetic acid 50 mg/kg; naphthylace­
tic acid 50 mg/kg; maleic acid hydrazide, triiodobenzoic acid, or unknown 
compounds produced by various chemical works), making castration unneces­
sary This method is gaining ground for wheat in particular.

Although in many cases it is still not clear why difficulties are encountered 
in crossing certain plant species, numerous methods have been elaborated to 
overcome the factors inhibiting the success of crossing. It is the general ex­
perience that sometimes one method will lead to success and sometimes another, 
depending on the local conditions, on the species or biotypes employed, and on 
many other factors.

Frequently there are differences in the flower structures ot the parental 
species as in the case of Nicotiana, where one parental species has an extremely 
long style and pappus, while those of the other species are short. The pollen 
tubes of the short-styled parent are incapable of reaching the ovaries of the other 
parent due to the length of the style. This problem can be overcome by cutting 
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back the style and pollinating the cut surface (Zea x Tripsacum) or by using 
a section of style from the pollinator. Successful crosses made in this way are 
reported in Datura (Gardella, 1950) and Linum (Sizova, 1958).

In the Soviet Union good results were achieved by mixing a little pollen from 
the female with that of the male parent, e.g. in the case of the Agropyron x 
Triticum cross (Michurin, 1925). Successful crosses were also made using this 
method in Brassica species combinations (Ockendon, 1977), where observations 
showed that a seed setting of 12-14% could be achieved with mixed pollen, as 
opposed to only 2-4% when the pollen of the alien parent was applied alone. 
There were also differences in the degree of seed setting depending on the period 
that elapsed between the application of the plant’s own pollen and that of the 
alien polen. Both Roggen (1975) and Meszoly (1968) successfully crossed 
Lycopersicon esculentum with L. peruvianum. The stigma of the female species 
was first lightly pollinated with its own pollen, after which the pollen of 
L. peruvianum was placed on the L. esculentum stigma on five occasions on five 
consecutive days.

Another method which can be successfully employed in interspecific and 
intergeneric crosses is the vegetative approximation, whereby the young em­
bryos of the female parent are placed in the endosperm of the male species 
(Michurin, 1925; Pissarev-Vinogradova, 1945). When transplanting wheat 
embryos into rye endosperms, Hall (1954) obtained and raised considerably 
more Fx plants than by simple crossing. Various other approaches are reported 
by Petrov (1955); these methods can be usefully employed in practice.

The use of an intermediate species is also a well-known practice in crosses 
between cultivated plant species. This has been a generally applied method of 
overcoming hybridisation problems especially since the work of Michurin 
(1925). Sears (1955) transferred the disease resistance of Aegilops umbellulata 
into common wheat (Triticum aestivum) through the intermediary of conv. 
durum, since this species can be more readily crossed with Ae. umbellulata. In 
the cross Ae. comosa x T. aestivum Riley (1966) used ssp. dicoccum as the 
intermediate, while Kiss (1956) employed conv. durum as the intermediate when 
crossing T. aestivum with T. timopheevii. Belea (1960, 1961, 1976) found ssp. 
carthlicum and ssp. dicoccum suitable for this purpose in the combination 
T. aestivum x T. timopheevii.

The use of larger numbers of anthers (1, 2, 3), i.e. varying quantities of pollen, 
may be successful, depending on the amount of pollen contained by the anthers. 
In the cross T. timopheevii x T. aestivum an increase in the number of anthers 
significantly increased the seed setting, since the anthers of common wheat 
contain relatively little pollen. In the reciprocal cross an increase in the number 
of anthers did not affect the percentage seed setting. In the combination 
T. timopheevii x ssp. dicoccum it proved sufficient to use two anthers (Table 
4). This is probably due to the fact that ssp. dicoccum has large anthers, more 
than two of which can only be placed on the stigma of the female plant with 
difficulty.
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Table 4.
Success of crossing as a function of the number of anthers utilised

Combination

1 anther 2 anthers 3 anthers

No. of 
flowers 
crossed

No. of 
seed 

obtained

% Seed 
setting

No. of 
flowers 
crossed

No. of 
seed 

obtained

% Seed 
setting

No. of 
flowers 
crossed

No. of 
seed 

obtained

% Seed 
setting

T. timopheevii
T. aestivum 456 7 1.5 456 26 5.7 432 33 7.6

T. aestivum *
T. timopheevii 120 2 1.6 120 1 0.8 120 2 1.6

T. timopheevii x 
ssp. dicoccum 936 147 14.7 936 164 17.5 936 163 17.4

Repeated pollination may also be successful in crosses between numerous 
plant species or genera (Michurin, 1925). In the combinations T. aestivum x 
T. timopheevii and ssp. dicoccum x T. aestivum, for example, better results are 
obtained by pollinating twice or three times, rather than just once (Table 5). 
Improved seed setting was also achieved by repeated pollination for tomatoes, 
cotton and cabbages. . .

Hormones and other stimulants are also used to overcome difficulties in 
crossing. In various interspecific crosses of marrow, for instance, where the 
growth rate of the pollen tube is extremely slow (e.g. in the combinations 
C. dipsaceus x C.figarei and C. dipsaceus x C. pepo) and thus rarely reaches 
the ovary, and when crossing certain species of Solanum, where the pollen of 
S. verrucosum, for example, is incapable of penetrating the stigmata of certain 
self-sterile biotypes of diploid potatoes, hormones are used to stimulate the 
growth of the pollen tubes (Dunwell-Sunderland, 1973). On the stigma of 
Brassica napus conv. oleifera the pollen does not produce tubes until after a 
period of 45 minutes and the process of fertilisation takes 18-24 hours if 
stimulants are not applied (Kavecka, 1958). Certain researchers used microele­
ments (e.g. boron) to stimulate pollen germination (Tukey, 1954; Smith, 1957).

Table 5.
Effect of repeated pollination on seed setting

Combination
No. of 
flowers 
crossed

1 pollination ■ 2 pollinations 3 pollinations

No. of 
seed 

obtained

% Seed 
setting

No. of 
seed 

obtained

% Seed 
setting

No. of 
seed 

obtained

% Seed 
setting

T. timopheevii x T. aestivum 543 23 4.2 26 4.8 33 6.1
T. aestivum x T. timopheevii 480 7 1.5 23 4.8 29 6.0
ssp. dicoccum x T. aestivum 120 15 12.5 19 15.8 34 28.3
T. aestivum x ssp. dicoccum 160 17 . 10.6 19 11.9 20 12.5
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Bates and co-workers (1975) experimented with various animal immune 
suppressors (E-amino caproic acid = EACA; acriflavine, chloramphenicol, sali­
cylic acid, etc.), the most efficient of which proved to be the lysine analogue 
E-amino caproic acid (EACA). Using this compound a 10% rate of hybrid 
embryos was obtained (and successfully raised) in the combinations Triticum 
x Hordeum, Zea x Sorghum, Hordeum x Avena and Hordeum x Secale. In 
intraspecific crosses {Zea x Tripsacum, Zea x Euchlaena) gibberellic acid 
(GA3) was also used with success.

Roggen-van Dijk (1972) promoted seed setting with the aid of electric 
currents, thus achieving success in the raising of viable hybrid plants in inter­
specific Brassica crosses.

2.5 Hybridisability of species

The extremely extensive literature on interspecific and intergeneric crosses 
provides a summary of the major theoretical findings and practical results 
achieved by researchers. Numerous data are available to show that, irrespective 
of the chromosome number, the genome quality (both of which will be discussed 
later) and the reasons mentioned above (e.g. differences in flower structure), 
different species can be crossed with each other to various extents.

Several authors have dealt with the phenomenon and causes of compatibility­
incompatibility and with ways of overcoming it. As we know, the majority of 
flowers are androgynous. In many species self-fertilisation is a regular occur­
rence. There are many other species, however, such as cabbage (Brassica), 
where a special genetic mechanism prevents self-fertilisation. In cabbages, this 
character depends on the fact that the S genes have a whole series of alleles, 
designated by the symbols S1, S2, S3. Some plants only contain the allele pairs 
S’S2 or S'S3. If the same allele is found in the pollen as in the stigma, the pollen 
will fail to germinate, or will only germinate extremely slowly. It is obvious that 
in such cases self-fertilisation becomes impossible, since the stigma and the 
pollen are found in the flowers of the same plant and contain the same alleles. 
The homologous nature of the alleles in the pollen and the stigma results in 
genetic incompatibility in the plants to be crossed.

Thus, any two plants containing the same Sn allele cannot be crossed with 
each other. If, however, the plants to be crossed do not contain homologous 
alleles (e.g. SJS2 x S3S4), the pollen germinates well and develops a normal 
pollen tube (Olsson, 1960). It is clear that, in the case of natural crosses, the 
larger the number of S alleles present in the population, the lower the incidence 
of incompatibility. The evolutionary system of incompatibility excludes the 
possibility of self-fertilisation in androgynous plants, but promotes the cross­
pollination of many plants.

Crosses were carried out by Belea (1976) on numerous Triticum, Aegilops and 
Secale species belonging to the same subtribe, Triticinae, for various theoretical
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Fig. 22. Hybridisability of wheat species (Belea. 1976)

(evolutionary genetic) and practical (disease resistance, etc.) purposes (Figs 22, 
23 and 24). The research which preceded this work is well known. Within the 
Triticum genus, the first cross was attempted by Vilmorin (1880) between the 
diploid species T. monococcum and common wheat (T. aestivum). These efforts 
were unsuccessful, however, as no seed setting was obtained. The first hybrid 
was produced by Beijerinck (1884) from the combination T. turgidum ssp. 
dicoccum x T. monococcum. This work was later continued by Biffen (1905), 
who crossed T. monococcum with T. turgidum, and others, who carried out the 
cross T. monococcum x ssp. dicoccum. The first really successful cross is linked 
with the name of Blaringham (1914), who managed to raise a fertile first 
generation using an Algerian ecotype of T. monococcum x conv. durum. Due 
to its rust resistance this line became extremely well known in breeding circles. 
Its low yield potential, however, prevented it from gaining ground in general 
cultivation. When top-crossing the Ft hybrids of the combination ssp. dicoccum 
x T. monococcum with T. aestivum, Muntzing (1955), too, only obtained 
sterile hybrid progeny. In the opinion of Menabde (1961), the species T. zhukov-
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skyi (In = 42) arose from a spontaneous cross between the primitive Georgian 
local T. monococcum species Zanduri and T. timopheevii. It is to this origin that 
the species can thank its excellent disease resistance. Belea (1976) also experi­
enced difficulty in crossing T. monococcum with tetra- and hexapioid wheat 
species. Relatively good seed setting (11.9%) was only achieved with ssp. carth­
licum. A cross between autotetraploid T. monococcum (2m = 28), produced by 
treatment with colchicine, and T. aestivum was fairly successful (Table 6).

The species T. timopheevii and ssp. chaldicum. which are also difficult to cross, 
are used as one possible way of producing disease-resistant varieties. It is only 
recently, after long years of experiments, that in crosses with T. monococcum,
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_________ successful crosses
Fig. 24. Hybridisability between Aegilops, Secale and Triticale species (Belea, 1976)

these two species have finally given a few hybnd grains, from whichfertile 
progeny have been raised. Poor seed setting was also obtained by Belea when 
S T timopheevii in other combinations (Table 7). Relatively good seed 
setting was only found in crosses with ssp. carthlicum and ssp. dicoccum cv.

T zhukovskyi, currently used as a source of disease resistance, is difficult to 
cross even with its assumed parental lines (T. monococcum and T. timopheevii J. 
By contrast, ssp. carthlicum, which is known for its resistance to leaf rust and 
powdery mildew, can be easily crossed not only at the same level of polyploidy, 
but also^with di- and hexapioid species. The recently discovered conv .Ispahan i- 
cum can also be successfully combined with various wheat species (™e ?)•

The Aegilops species are generally difficult to cross with each other The 
successful are various combinations of Ae. squarrosa (7. tauschi), Ae. 
qissima (T. longissimum), Ae. triuncialis (T. triuncia ej and Ae-biun ciahs 
(T. macrochaetum), which belong to the di- and hexapioid series (Tab ).
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Table 6.
Data on the crossing of Triticum monococcum with tetra- and hexapioid wheat species

Combination No. of flowers 
crossed % Seed setting % Germination

T. timopheevii x T. monococcum 2778 0.8 0.4
T. monococcum x T. timopheevii 2780 1.4 20.8
ssp. carthlicum x T. monococcum 2530 11.9 63.1
T. monococcum x ssp. carthlicum 1949 11.7 5.6
ssp. paleocolchicum x T. monococcum 1128 0.2 50.0
T. monococcum x ssp. dicoccum 124 5.6 14.3
T. monococcum x conv. inspahanicum 248 4.4 36.3
T. monococcum x tetrapioid T. monoc. 2098 4.3 42.8

2xTriticum x 4xTriticum 7199 5.5 23.9
4xTriticum x 2xTriticum 6436 4.3 40.8

T. aestivum x T. monococcum 4680 1.9 48.2
T. monococcum x T. aestivum 3590 0.7 10.0
ssp. spelta* T. monococcum 228 1.8 100.0
T. zhukovskyi x T. monococcum 566 1.6 33.3
T. monococcum x T. zhukovskyi 392 3.6 35.7

2xTriticum x ^Triticum 3982 2.1 22.8
6xTri[icum x 2xTriticum 5474 1.8 36.2

Surprising results were obtained for seed setting between various Aegilops and 
Triticum species. Ae. squarrosa, Ae. speltoides (T. speltoides) and Ae. mutica 
( T. tripsacoides) could be crossed particularly well with di- and tetrapioid wheat 
species. Even greater success was achieved when crossing certain Aegilops 
species with hexapioid wheat species (Table 9). Aegilops species with various 
levels of polyploidy also combine fairly well with Secale cereale (Table 10). The 
best species for crossing with rye are Ae. crassa (T. crassum), Ae. squarrosa and 
Ae. triuncialis, especially when the Aegilops species is used as the female parent.

Among the Avena species, the wild species (A. hirtula, A. vaviloviana and 
A. sterilis) can be readily crossed with each other, and it is from these combina­
tions, together with micromutations, that the fodder oats, Byzantian and 
Abessinian oats now generally cultivated have developed (Fig. 25).

Successful crosses were carried out by Frandsen (1947), Joarder-Eunus 
(1970), Kamala (1976) and Mackay (1972) between Brassica campestris and 
other cabbage species, and by Tokumasu (1970) between B. japonica and other 
species. Observations recorded by these authors indicate that B. napus x B. rapa 
and Raphanus sativus * B. oleracea can be crossed with ease, while B. oleracea 
x B. rapa is a difficult cross. Thompson (1964) produced triple hybrids using 
the species B. chinensis, B. pekinensis, B. carinata, B. juncea and B. napus.

A review of the hybridisability of green pepper species (Capsicum L.) is 
presented in Table 11 as compiled by Csillery (1983). Experience shows that
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Table 7.
Data on interspecific Triticum crosses at the tetra- and hexapioid level

Combination
No. of flowers 

crossed
% Seed setting % Germination

ssp. chaldicum x T. timopheevii 256 9.0 43.4

T. timopheevii x ssp. carthlicum 2 870 7.2 80.2
ssp. carthlicum x T. timopheevii 1 900 4.4 63.8
T. turgidum x T. timopheevii 701 2.1 40.0
T. timopheevii x ssp. dicoccum (‘Vernal’) 3 494 14.1 49.2
ssp. dicoccum (‘Vernal’) x T. timopheevii 457 10.7 53.3
T. timopheevii x conv. durum 722 4.7 55.8
conv. durum x T. timopheevii 594 4.8 70.7
T. timopheevii x T. monococcum tetrapioid 472 1.3 83.3
T. monococcum tetrapioid x T. timopheevii 488 2.0 10.0
ssp. carthlicum x ssp. dicoccum (‘Khapli’) 124 5.6 14.3
ssp. carthlicum x ssp. dicoccum (‘Vernal’) 968 15.3 41.7
conv. ispahanicum x ssp. dicoccoides 316 16.5 42.3
conv. ispahanicum x ssp. dicoccum
(‘Khapli’)
conv. ispahanicum x ssp. dicoccum (‘Vernal’)

48
540

8.3
28.9

50.0
70.5

conv. ispahanicum x conv. durum 268 39.0 70.3
conv. ispahanicum x conv. polonicum 140 35.6 63.5
conv. polonicum x conv. ispahanicum 356 49.6 87.0
conv. ispahanicum x ssp. carthlicum 512 19.4 63.5
ssp. carthlicum x conv. ispahanicum 100 30.0 83.3
ssp. dicoccoides x ssp. turanicum 120 50.8 81.9
ssp. dicoccoides x conv. durum 264 35.7 85.7
ssp. paleocolchicum x conv. durum 606 7.8 85.1

0.0conv. durum x ssp. paleocolchicum 164 0.0

4 x Triticum x 4 x Triticum 16 480 16.8 57.87

T. monococcum tetrapioid x T. aestivum 1 831 7.2 29.8
T. aestivum x T. monococcum tetrapioid 3 956 3.7 26.1

ssp. carthlicum x ssp. spelta 482 41.2 69.2
conv. ispahanicum x ssp. spelta 144 27.1 75.0

T. aestivum x ssp. carthlicum 1 594 21.5 62.6

ssp. carthlicum x T. aestivum 4 349 30.2 57.9

T. aestivum x ssp. dicoccum 860 21.6 70.0

ssp. dicoccum x T. aestivum 2 220 36.2 27.6

T. aestivum x conv. durum 974 10.2 70.8

conv. durum x T. aestivum 532 26.1 52.9

T. aestivum x T. turgidum 279 1.1 66.7
T. turgidum x T. aestivum 4 207 14.2 22.2

T. zhukovskyi x ssp. dicoccoides 511 8.2 71.0

6x Triticum x 4x Triticum 8 183 11.1 61.2
4x Triticum x 6x Triticum 13 765 26.3 47.8

T. aestivum x T. timopheevii 5 367 2.1 43.7
T. timopheevii x T. aestivum 6 479 4.1 27.1
ssp. spelta x T. timopheevii 744 4.0 51.7
T. timopheevii x ssp. spelta 394 11.7 21.7
ssp. chaldicum x T. aestivum 84 11.7 71.0
T. timopheevii x T. zhukovskyi 2 436 2.7 30.2

6x Triticum x T. timopheevii 6 111 3.1 47.1 ]

T. timopheevii x 6x Triticum 9 393 7.5 37.5



Table 8.
Data on crosses between Aegilops species

Combination No. of flowers 
crossed

% Seed setting % Germination

Ae. speltoides x Ae. caudata 455 0.2 0.0
Ae. caudata x Ae. speltoides 394 0.0 0.0
Ae. mutica x Ae. speltoides 162 0.0 0.0
Ae. speltoides x Ae. comosa 58 6.9 50.0
Ae. squarrosa x Ae. longissima 80 16.2 61.0
Ae. squarrosa x Ae. mutica 106 0.0 0.0
Ae. squarrosa x Ae. caudata 222 0.0 0.0
Ae. caudata x Ae. squarrosa 120 0.0 0.0
Ae. squarrosa x Ae. umbellulata 54 3.7 50.0
Ae. umbellulata x Ae. squarrosa 230 0.0 0.0
Ae. squarrosa x Ae. sharonensis 258 16.0 33.3
Ae. umbellulata x Ae. mutica 48 6.2 66.6

2x Aegilops x 2x Aegilops 2187 4.4 21.2

Ae. squarrosa x Ae. triuncialis 40 0.0 0.0
Ae. squarrosa x Ae. crassa 100 0.0 0.0
Ae. crassa x Ae. squarrosa 114 3.5 50.0
Ae. squarrosa x Ae. ovata 210 0.0 0.0
Ae. squarrosa x Ae. ventricosa 44 4.5 50.0
Ae. ventricosa x Ae. squarrosa 166 0.6 100.0
Ae. longissima x Ae. ovata 94 0.0 0.0
Ae. ovata x Ae. longissima 24 16.6 66.6
Ae. longissima x Ae. cylindrica 86 0.0 0.0
Ae. longissima x Ae. crassa 60 0.0 0.0
Ae. ventricosdx Ae. longissima 68 6.8 66.6
Ae. speltoides x Ae. triuncialis 272 0.0 0.0
Ae. variabilis x Ae. speltoides 72 0.0 0.0
Ae. triuncialis x Ae. caudata 68 0.0 0.0

2x Aegilops x 4x Aegilops 906 0.6 6.2
4x Aegilops x 2x Aegilops 512 4.6 47.0

Ae. triuncialis x Ae. crassa 124 4.1 100.0
Ae. crassa x Ae. triuncialis 74 0.0 0.0
Ae. crassa x Ae. ovata 116 0.0 0.0
Ae. triuncialis x Ae. ventricosa 218 16.6 33.3
Ae. triuncialis x Ae. biuncialis 132 8.9 66.9
Ae. biuncialis x Ae. triuncialis 84 8.3 66.9
Ae. triuncialis * Ae. ovata 56 0.0 0.0
Ae. cylindrica x Ae. triuncialis 90 2.2 50.0
Ae. ovata x Ae. ventricosa 128 0.0 0.0
Ae. ovata x Ae. biuncialis 48 4.1 50.0
Ae. biuncialis x Ae. ovata 70 7.1 66.9
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Table 9.
Data on crosses involving Aegilops x Triticum species

Combination
No. of flowers 

crossed
% Seed setting % Germination

4x Aegilops x 4x Aegilops 1140 4.7 39.5

Ae. speltoides* T. monococcum 
T. monococcum x Ae. speltoides 
Ae. speltoides x ssp. boeoticum 
ssp. boeoticum x Ae. speltoides 
Ae. squarrosa x T. urartu 
Ae. squarrosa x ssp. boeoticum 
Ae. squarrosa x T. monococcum 
ssp. boeoticum x Ae. longissima 
ssp. boeoticum x Ae. caudata 
Ae. caudata x ssp. boeoticum 
Ae. caudata x T. monococcum 
T. monococcum x Ae. caudata

596 
2252 
1120
456
108
112

1022
176 
696

50
72

710

0.0
0.8
0.0
4.2

38.9
24.1
4.5
2.7
4.7
4.0
0.0
1.5

0.0
66.6

0.0 
100.0
50.0 
74.0
64.0 

100.0
60.6 

100.0
0.0

33.3

2x Aegilops x IxTriticum
2x Triticum x 2x Aegilops

3074
4390

10.2
2.7

41.1
72.1

ssp. chaldicum x Ae. longissima
ssp. chaldicum x Ae. umbellulata
ssp. chaldicum x Ae. speltoides 
T. timopheevii x Ae. speltoides 
Ae. speltoides x T. timopheevii 
Ae. speltoides x ssp. carthlicum 
Ae. speltoides x ssp. dicoccoides 
Ae. speltoides x T. monococcum tetrapl. 
conv. aethiopicum x Ae. speltoides 
ssp. paleocolchicum x Ae. speltoides 
ssp. paleocolchicum x Ae. caudata 
ssp. carthlicum x Ae. mutica 
Ae. caudata x ssp. chaldicum
Ae. caudata x conv. durum
Ae. caudata x T. timopheevii 
T. timopheevii x Ae. caudata 
Ae. squarrosa x ssp. dicoccoides 
Ae. squarrosa x ssp. dicoccum 
ssp. dicoccum x Ae. squarrosa 
Ae. squarrosa x ssp. chaldicum 
Ae. squarrosa x ssp. paleocolchicum 
Ae. squarrosa x ssp. carthlicum 
Ae. squarrosa x conv. durum 
Ae. longissima x T. turgidum 
Ae. longissima x ssp. dicoccoides

146 
142
144 
374 
384 
234 
500
374

96 
211 
244

72
64 

874 
204 
224 
180 
306 
144 
162 
106 
114 
197
148
98

0.0
0.0
1.3
0.8
0.0

10.2
0.0
1.6
0.0
0.0
0.0
5.5
1.5
0.4
0.8
0.0
5.5
7.5
7.6

24.1
17.9
0.0
8.0
0.0
1.0

0.0
0.0

50.0 
33.3
0.0 

75.0
0.0

66.6
0.0
0.0
0.0

100.0
0.0 

50.0 
50.0
0.0 

100.0
86.9
81.6
66.6
52.6
0.0

62.5 
0.0 
0.0

2x Aegilops x 4x Triticum
4x Triticum x 2x Aegilops

3179
1953

4.9
1.5

38.1
30.4
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Table 9. 
(continued)

Combination No. of flowers 
crossed % Seed setting % Germination

Ae. squarrosa * T. aestivum 1062 -2.3 78.0
T. aestivum x Ae. squarrosa 212 0.0 0.0
Ae. squarrosa x ssp. spelta 94 0.0 0.0
Ae. speltoides x T. aestivum 336 0.0 0.0
Ae. speltoides x ssp. macha 90 2.2 50.0
T. zhukovskyi* Ae. speltoides 345 1.4 60.0
Ae. caudata x T. zhukovskyi 188 0.5 0.0
T. zhukovskyi x Ae. caudata 336 1.1 50.0
Ae. caudata x T. aestivum 126 0.0 0.0
ssp. spelta x Ae. caudata 160 0.0 0.0
Ae. longissima x T. aestivum 297 1.3 75.0
Ae. longissima x ssp. spelta 150 0.0 0.0

2x Aegilops x 6x Triticum 2293 0.7 25.4
6x Triticum x 2x Aegilops 1053 0.6 27.5

ssp. boeoticum * Ae. crassa 261 5.6 83.3
ssp. boeoticum x Ae. variabilis 231 3.4 75.0
Ae. triuncialis x ssp. boeoticum 130 0.7 100.0
Ae. triuncialis x T. monococcum 136 0.0 0.0
ssp. boeoticum x Ae. triuncialis 112 0.0 0.0
ssp. boeoticum x Ae. ovata 389 0.7 0.0
Ae. ovata x ssp. boeoticum 324 33.3 75.0
ssp. boeoticum x Ae. cylindrica 94 1.0 0.0
Ae. ovata x T. monococcum 144 6.8 33.3
Ae. variabilis x T. monococcum 54 0.0 0.0

4x Aegilops x 2x Triticum 788 8.1 41.6
2x Triticum x 4x Aegilops 1087 1.9 31.6

Ae. triuncialis x ssp. dicoccoides 70 2.8 50.0
Ae. triuncialis x ssp. chaldicum 114 7.9 44.4
Ae. triuncialis x T. timopheevii 50 10.0 60.0
Ae. triuncialis x ssp. dicoccum 182 1.0 0.0
Ae. triuncialis x conv. durum 288 2.4 42.8
Ae. triuncialis x T. turgidum 112 5.3 50.0
Ae. triuncialis x ssp. carthlicum 128 1.5 50.0
Ae. ovata x ssp. dicoccoides 158 6.3 80.0
Ae. ovata x ssp. chaldicum 116 2.5 33.3
ssp. chaldicum x Ae. ovata 256 0.0 0.0
Ae. ovata x T. timopheevii 312 2.5 25.0
Ae. ovata x ssp. dicoccum 114 5.2 50.0
Ae. ovata x ssp. paleocolchicum 118 13.5 62.5
ssp. paleocolchicum x Ae. ovata 194 0.0 0.0
Ae. ovata x conv. durum 153 8.4 76.9
conv. durum x Ae. ovata 262 0.0 0.0
Ae. ovata x ssp. carthlicum 88 27.2 83.3
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Table 9.
( continued)

Combination
No. of flowers 

crossed
% Seed setting % Germination

Ae. ovata x T. turgidum
Ae. ovata x T. monococcum tetrapioid 
Ae. cylindrica x ssp. dicoccum 
Ae. cylindrica x ssp. chaldicum 
ssp. chaldicum x Ae. cylindrica 
Ae. cylindrica x ssp. paleocolchicum 
Ae. cylindrica x conv. durum 
Ae. cylindrica x ssp. carthlicum 
Ae. triaristata x conv. durum 
Ae. variabilis* ssp. dicoccum 
Ae. crass a x ssp. dicoccum 
Ae. crassa x ssp. paleocolchicum 
Ae. crassa x conv. durum
Ae. crassa x ssp. chaldicum 
ssp. chaldicum x Ae. crassa 
Ae. biuncialis x ssp. paleocolchicum

55 
168 
680 
172 
378 
166 
225

60 
168
60 

238
42
72

112
40
40

14.5
6.5
6.1
0.0
2.9
1.8

12.4
8.3
1.7
0.0
4.2
2.3

12.5
3.6
0.0
7.5

37.5
45.2
85.7

0.0
36.4
33.3
57.1
80.0
0.0
0.0

80.0
0.0

66.6
25.0

0.0
33.3

4x Aegilops x 4x Triticum 
4x Triticum x 4x Aegilops

4279
1090

5.5
1.0

45.2
7.3

Ae. triuncialis x T. aestivum 
T. aestivum x Ae. triuncialis 
Ae. triuncialis x ssp. macha 
Ae. ovata x T. aestivum 
T. aestivum x Ae. ovata 
Ae. ovata x ssp. vavilovii 
Ae. ovata x ssp. sphaerococcum 
Ae. ovata x ssp. macha 
Ae. ovata x ssp. spelta 
Ae. cylindrica x T. aestivum 
T. aestivum x Ae. cylindrica 
Ae. cylindrica x ssp. sphaerococcum 
Ae. cylindrica x ssp. vavilovii 
Ae. biuncialis x T. aestivum 
Ae. crassa x T. aestivum 
T. aestivum x Ae. crassa 
Ae. ventricosa x T. aestivum 
Ae. variabilis x T. aestivum 
Ae. variabilis x ssp. spelta 
Ae. variabilis x ssp. macha

1487
790
140

1847
540
132
216

80
154

2346
760
130
312
340
128
110
48

156
36

140

11.8
3.2
0.7
9.4
2.1
3.2

18.7
21.2

7.4
14.9
4.1

26.6
28.5

9.2
25.7

7.8
14.5
0.0
0.0
0.8

55.4
18.5
0.0

36.2
14.3
0.0

33.3
29.9
50.0
48.3
33.3
50.0
79.4
36.8
66.6
36.2
71.4

0.0
0.0
0.0

4x Aegilops x 6x Triticum 
6x Triticum x 4x Aegilops

7692
2200

13.8
4.3

37.1
25.6

Ae. Juvenalis x T. aestivum 
Ae. juvenalis x ssp. spelta

774
120

3.4
10.8

55.5
76.9

6x Aegilops x 6x Triticum 894 
________________

47.1 66.2
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Table 10.
Data on Aegilops x Secale intergeneric crosses

Combination No. of flowers 
crossed % Seed setting % Germination

Secale cereale x Ae. squarrosa 433 11.1 62.5
Secale cereale x Ae. longissima 64 6.2 50.0
Secale cereale x Ae. umbellulata 142 0.7 0 0
Secale cereale x Ae. speltoides 244 0.8 0.0
Ae. speltoides x Secale cereale 182 11.5 33.3
Secale segetale x Ae. speltoides 144 5.5 37.5

2x Aegilops x 2x Secale 182 11.5 33.3
2x Secale x 2x Aegilops 1027 4.8 30.0

Secale cereale x Ae. cylindrica 736 0.5 50.0
Ae. cylindrica x Secale cereale 609 5.0 80 7
Secale cereale x Ae. biuncialis 340 2.2 37 5
Ae. biuncialis x Secale cereale 501 8.5 34 9
Secale cereale x Ae. ventricosa 679 1.2 50 0
Secale cereale x Ae. triaristata 314 0.9 0 0
Ae. triaristata x Secale cereale 56 0.8 25 0
Secale cereale x Ae. crassa 128 8.5 45.4
Ae. crassa x Secale cereale 562 28.1 82.8
Secale cereale x Ae. triuncialis 1458 6.8 57.5
Ae. triuncialis x Secale cereale 1299 3.0 37.0

4x Aegilops x 2x Secale 3027 7.5 50.7
2x Secale x 4x Aegilops 3655 3.3 40.6

Triticale x Ae. crassa 730 1.8 35.7
Ae. speltoides x Triticale 140 10.0 25.0
Ae. squarrosa x Triticale 96 16.6 62.5
Ae. triuncialis x Triticale 66 6.6 50.0
Aegilops x Triticale 302 11.1 45.8
Triticale x Aegilops 730 1.8 35.7

the vast majority of pepper species can generally be crossed with ease. When 
crossing species which are more distantly related to each other the hybrids can 
be raised by means of embryo cultures, or success can be achieved by using a 
multi-stage hybridisation programme (e.g. C. pubescens x c. eximium Fr3 x 
C. praetermissum — F,_3 x C. baccatum — FI-3 x C. annuum) or an inter­
mediate species. Raising hybrid plants in embryo cultures (in vitro) is substanti­
ally faster than producing hybrids in a multi-stage hybridisation programme. 
It is clearly visible from the table that C. chinense and C. frutescens can be 
crossed fairly readily and that the fertility of their hybrids is generally satisfac­
tory. For this reason, certain authors (Terp6, 1966) classify both species as a 
single species, C. conicum.
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------------  good compatibility
------------crosses are difficult, embryo culture is usually required
------------ attempted and failed

Fig. 25. Hybridisability of oat species (Rajhathy-Thomas, 1974)

Table 11.
Hybridisability of Capsicum species

Combination Hybridisability Fertility Author

C. annuum x C. chinense easy good Csillery, 1983
reciprocal fairly difficult poor CSILLERY, 1976

C. annuum x C. frutescens difficult poor Csillery, 1983
reciprocal very difficult poor

PlCKERSGILL, 1980C. annuum x C. chacoense easy poor
reciprocal easy poor

PlCKERSGILL, 1980C. annuum x C. galapagoense fairly difficult —
C. annuum x C. baccatum very difficult -r Csillery, 1983

reciprocal fairly easy good
Molhova-Michailova,C. annuum x C. pubescens difficult poor
1982

C. chinense x C. frutescens very difficult poor Heiser, 1957
reciprocal easy good Csillery, 1976

C. chinense x C. chacoense difficult good PlCKERSGILL, 1980
reciprocal difficult poor

PlCKERSGILL, 1980C. chinense x C. baccatum difficult poor

reciprocal difficult
fairly 
good

C. praetermissum x C. chinense very difficult — PlCKERSGILL, 1980
C. chinense x C. pubescens very difficult poor Smith-Heiser, 1957
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Table 11. 
(continued)

Combination Hybridisability Fertility Author

C. frutescens x C. baccatum 
reciprocal

C. frutescens x C. pubescens
C. praetermissum x C. baccatum 

reciprocal

C. baccatum x C. eximium

C. eximium x C. car dens ii 
reciprocal

C. eximium x C. pubescens 

reciprocal

fairly difficult 
easy
very difficult 
easy
fairly difficult 

fairly difficult 

fairly difficult 
easy

difficult

easy

good 
good

good 
poor 
fairly 
good 
good 
good 
fairly 
good 
good

Smith-Heiser, 1957 
Smith-Heiser, 1957 
Pickersgill, 1980
Csillery, 1983
Csillery, 1983

Eshbaugh, 1980

Eshbaugh, 1980

Eshbaugh, 1980

CSILLfiRY, 1983

In crosses involving Vicia species Mettin (1962) only obtained seed setting 
when V. sativa was crossed with various other species (V. obovata, V. angustifo- 
Ha and V. amphicarpa). In the combination V. sativa x y. angustifolia Yaka- 
moto (1959) achieved 14% seed setting.

I

2.6 Hybridisability of varieties, cultivars and biotypes

Differences can also be observed within the various plant species in the hy­
bridisability of varieties, cultivars and even of biotypes selected from cultivars. 
As can be seen from Table 12, a number of varieties of T. turgidum, for example, 
act quite differently in crosses with different cultivars of common wheat. The 
best seed setting was obtained when the stigmata of var. dreischianum were 
pollinated with pollen from the cultivars Mp. 706 and Pusa 4. Less success was 
achieved when these cultivars were crossed with the plinianum and pseudomira- 
bile varieties of the species T. turgidum.

Considerable differences in seed setting were also found when crossing 
T. turgidum ssp. dicoccum with various cultivars of common wheat (B 1201, 
F 481, Produttore, Fortunato, Lee, etc.). The cultivars Aniversario and New- 
thatch could best be crossed with T. monococcum, and the cultivars Ardito, 
Norin 10 and Thatcher with rye (Kiss, verbal communication).

When examining the combining ability of 56 wheat varieties, Falk-Kasha 
(1981) found that cultivars which gave 0.0-95.0% seed setting with rye also 
crossed relatively well with Hordeum bulbosum (wild barley) (0.0-32.2%). The 
cultivars which gave especially good seed setting with Hordeum bulbosum were 
those which also gave above-average results with rye (Table 13). In crosses 
between the two plant species the correlation coefficient was r = 0.75. Cultivars
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Table 12.
Crossing data for various varieties and cultivars of certain Triticum species

Combination
No. of flowers 

crossed
% Seed setting % Germination

T. turgidum var. plinianum x 
T. aestivum (Mp 706) 620 0.5 0.0

T. turgidum var. plinianum x
T. aestivum (Pusa 4) 450 1.7 12.5

t. turgidum var. plinianum x 
T. aestivum (B 1201) 985 2.1 23.8

T. turgidum var. dreischianum x 
T. aestivum (Mp 706) 220 55.4 12.2

T. turgidum var. dreischianum x
T. aestivum (Pusa 4) 159 54.0 13.9

T. turgidum var. dreischianum x
T. aestivum (B 1201)
T. turgidum var. pseudomirabile x
T. aestivum (Mp 706)
T. turgidum var. pseudomirabile x
T. aestivum (Pusa 4)

120

137

10.0

2.1

33.3

33.3

247 12.1 0.0

T. turgidum var. pseudomirabile x F
0.0 0.0T. aestivum (B 1201) 133

ssp. carthlicum x T. aestivum (‘F 481 ) 562 44.8 9.1

ssp. carthlicum* T. aestivum (‘B 1201’) 671 31.2 5.2

ssp. dicoccum (Vernal) x 
T. aestivum (B 1201) 1020 25.0 15.3

ssp. dicoccum (Vernal) x 
T. aestivum (Produttore) 360 5.5 0.0

ssp. dicoccum (Vernal) x 
T. aestivum (Lee) 320 24.1 6.5

ssp. dicoccum (Vernal) x 
T. aestivum (Fortunato) 180 3.3 50.0

T. aestivum (F 481) x 
ssp. dicoccum (Vernal) 560 26.6 75.2

F. aestivum (Aniversario) x 
ssp. dicoccum (Vernal) 300 12.3 48.6

originating directly or indirectly from the cultivar Chinese Spring, such as the 
5 A substitution line of Chinese Spring/Hope and the cultivars Songlen, Mendos 
(Australian), Salmon, 79-275 (American) and Norin 29 (Japanese) showed 
outstandingly good combining ability, as did the cultivars CI 12632 and Cl 
52633, derived from T. timopheevii. Similarly good seed setting values were 
reported by Snape and co-workers (1979) in crosses of the cultivars Songlen, 
Wren, Gamut, Mendos (Australian) and TH 3929 (Chinese) with rye or Hor­
deum bulbosum. According to Falk-Kasha (1983) suppressor genes located on 
chromosomes 5A and 5B influence hybridisability. The Krt gene, found on 
chromosome 5B, has the greatest effect on hybridisability. The Kr2 gene located 
on chromosome 5A has less influence on combining ability.
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Table 13.
Hybridisability of wheat cultivars with rye and Hordeum bulbosum (after Falk-Kasha, 1981)

Wheat cultivar 
$

Origin

cJ Secale cereale S Hordeum bulbosum

No. of 
flower 

crossed

% Seed 
setting

No. of 
flowers 
crossed

% Seed 
setting

Big Club USA 72 0.0 — —
Centurk (CMS) USA 218 0.0 174 0.0
China 3 China 60 0.0 — —
G4-1 USA 40 0.0 92 0.0
Gabo Australia 62 0.0 — —
Holdfast UK 52 3.8 126 0.0
Marquis Canada 110 0.0 - —
Penjamo 62 Mexico 58 0.0 — —
Red Bobs Canada 56 0.0 — —
S615 Portugal 56 0.0
Timstein Australia 48 0.0
Tordo Mexico 68 0.0 126 0.0
DFT 7-11 USA 124 0.8 278 0.0
G4-8 USA 94 1.1 86 0.0
CI 6223 China 84 1.2 — —
Purple Straw USA ,254 1.2 — —
Rescue Canada 68 1.5 — —
DFT 16-27 USA 64 1.6 70 0.0
Cadet Canada 58 1.7 — —
Lerma Rojo 64 Mexico 58 1.7 —
Timvera Australia 108 1.8 — —
Olesen’s dwarf Rhodesia 52 1.9 84 0.0
Dong Fang Hong China 36 2.8 208 0.0
FS6/3 Bo69 USA 140 2.9 140 0.0
Nong Da 139 China 32 3.1 172 0.0
Pitic 62 Mexico 64 3.1 — —
Gala Australia 60 3.3 — —
Gamut Australia 62 58.0 90 10.1
TH 3929 China 85 88.2 138 35.5
Timgalen Australia 176 23.0 484 6.0
Wren Australia 172 66.0 434 1.6
15-6-14 USA 60 3.3 134 0.0
Red Egyptian Ethiopia 58 3.5 — —
Froid USA 166 3.6 134 0.0
Timson Australia 156 3.8 — —
Lancota USA 31 6.5 119 0.0
Pau 45 China 108 6.5 58 0.0
CI 13005 USA 54 7.4 — —
Frederick Canada 159 9.4 484 0.2
Yorkstar USA 176 10.2 — —
Chinese Sp./Hope 
5B USA 90 13.3 144 0.0

15-5-6 USA 108 16.7 — —
Winalta Canada 61 19.7 352 0.3
Chinese Sp./Hope 
5A USA 84 23.0 148 14.9

CI 13113 USA 97 28.9 - -
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Table 13. (continued)

(J Secale cereale Hordeum bulbosum

Wheat cultivar 
$

Origin No. of 
flower 
crossed

% Seed 
setting

No. of 
flowers 
crossed

% Seed 
setting

Chancellor USA 94 40.4 102 0.0

Songlen Australia 162 43.8 654 11.8

Peking 10 China 39 46.2 —

SW 41 USA 547 48.1 —

Mendos Australia 48 54.2 110 23.6

SW 42 USA 538 55.8 — —

Salmon USA 112 56.2 158 20.9

CTW 3 Mexico 79 63.3 —

Zaragosa 75 Mexico 187 69.5 351 18.2

SW 47 USA 86 69.8

Norin 29 
CI 12633

Japan 
USA

62
60

74.2
83.3

418
178

18.2
7.3

Chinese Spring 
CI 12632

China 
USA

210
90

86.7
90.0

870
224

32.2
3.6

79-72S USA 88 95.4 142 30.3

Chinese 112 82.1 501 7.4
Sp./Songlen 
Chinese Sp./G4-1 168 30.9 68 0.0

Chinese 110 30.0 174 0.6
Sp./Zaragosa 75
Chinese Sp./DFT 362 27.9 164 1.2
7-11
Chinese 48 18.7 186 0.0
Sp./Holdfast 
Chinese 
Sp./Fredrick

169 12.5 240 0.0

Songlen/Zaragosa 88 9.1 82 6.1
75
Chinese Sp./G4~8 78 7.7 220 0.9

Centurk/Chinese 
Spring

318 
____________

6.2 218 0.0

It was observed by Thomas and co-workers (1980) that wheat cultivars which 
hybridised well with rye had good combining ability not only with Hordeum 
bulbosum, but also with species belonging to other genera (Table 14).

Firbas (1920) found that the Polish wheat cultivar Bochara combined well 
with rye. Other authors obtained a seed setting of 60% in crosses between the 
wheat cultivar Chinese 466 and rye, while the cultivars Marquis and Peragis 
only gave 1.9% seed setting when the flowers were fertilised with rye pollen.

Dubrovaet and co-workers (1959) obtained only 7.8% seed setting in the 
cross Lutescens 62 (T. aestivum) x Melanopus 69 (conv. durum), but 47% in 
the combination Durable (conv. durum) x Lutescens 62 (T. aestivum). The 
cultivar Khapli (T. turgidum ssp. dicoccum) combines very poorly with any
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Table 14.
Data on crosses carried out on wheat cultivars hybridisable with rye and on species from other 

genera (after Thomas et al., 1980)

Wheat-rye 
hybridisa­

bility group, 
female 
parent

Male parents

Secale 
montanum

Aegilops 
variabilis

Triticum 
timopheevii

Triticum 
monococcum

Agropyron 
junceum

Agropyron 
elongatum

Elymus arenarius+

+ GA3 -GA3

* *♦ * ** * ** * ** * ** * ** * ** * **

50-100% 83 : 265 35: 17 103: 86 49: 13 13:49 28:86 15:285 2: 193
10-50% 13:253 — 54: 95 — 2:22 8:72 0: 30 0: 126
0-10% 4: 214 17:25 1 : 194 2:44 1 : 59 2:33 0: 142 0: 102

* Grains
** No grains
+ Flowers treated with 75 mg/kg gibberellic acid (GA3) 24 hours after fertilisation

wheat species or cultivar, by contrast to the Indian cultivar Vernal, which also 
belongs to ssp. dicoccum and which can be successfully used in the production 
of species hybrids. For this reason, several authors classify the cultivar Khapli 
in a genetically isolated variety (var. nudiglumis), often considered to belong to 
the species T. timopheevii.

In crosses between Cucurbita pepo and C. moschata, Jamane (1953) used 
numerous Japanese cultivars, some of which gave seed settings of 20%. Nine Fj 
generations were raised in embryo cultures and the plants exhibited a consider­
able heterosis effect with respect to quantitative traits. A seed setting of 52% was 
reported by Hayase (1950) in the interspecific cross C. moschata x C. maxima 
(Delicious). In a later publication Takashima (1953) claimed a 78% result for 
this same combination.

It was Firbas (1920) who first drew the attention of researchers to the fact 
that differences in hybridisability existed not only between species, varieties and 
cultivars, but even between different biotypes of the same cultivar population. 
Certain biotypes (B 1201—4) of the wheat cultivar B 1201 (T. aestivum), for

Table 15.
Crossing data for biotypes selected from the T. aestivum cultivar Bankiiti 1201

Combination
No. of 
flowers 
crossed

No. of seed 
obtained

% Seed 
setting

% 
Germination

B 1201-6 x T. monococcum 575 24 4.2 69.5
B 1201-10 x T. monococcum 231 12 5.2 29.6
B 1201-33 x T. monococcum 199 8 4.0 37.5
B 1201-66 x T. monococcum 150 7 4.7 42.8
average of cultivars
T. aestivum x T. monococcum 2790 4 0.2 50.0
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example, and various biotypes of the cultivars F 481 and Thatcher hybnd.se 
with rye much more easily than the cultivar average. In the same way a number 
of biotypes selected from B 1201 (B 1201-6 and B 1201-10) gave h.ghe seed 
setting (5 2%) than the cultivar average (0.2%) with T. monococcum (Table ). 
This character is generally inherited, though not in all cases. These biotypes do 
not give satisfactory seed setting with rye, for instance^ By using biotypes with 
good combining ability, it is possible to reduce the number of crosses. Naturally, 
hi this case, too8 economic or theoretical value must be given prime considera­
tion when choosing the crossing partners.

2.7 Crossing direction

References in the literature indicate that the direction of crossing has a very 
great effect on the extent of seed setting and on the germination vigour ^ther 
the parent species are used as the male or female parent is not a matter of 
indifference. In many cases, crosses are only successful in one direction ani no 
in the other There may be numerous reasons for this phenomenon, includi g 
the morphological differences mentioned above. If the flowers; of one: parent 
have very long styles, while those of the other parent are short, the pollen tubes 
of the long-styled species have no difficulty in reaching the ovary of the other 
species In the opposite case, fertilisation takes place with difficulty if at a l 
sFnce the growth rate of the pollen tubes is generally proportionate to the length 
of the style in the species from which the pollen originates.

Darwin frequently comments, in the Origin of Species (1859) on the fact 
that the hybrids produced from reciprocal crosses often differ in fertility and 
that while two species may be difficult to cross, there is no strict parallelism 
between the difficulty of effecting the cross and the degree of sterility of the 

hyAs Darwin (1859) observes, differences in the results, in respect to the relative 
ease of making reciprocal crosses, had been previously noted by Koelreuter 
who conducted8 some two hundred trials over a period of eight years and found 
that while Mirabilis jalapa could easily be fertilised by M longiflora, the reverse 
cross could not be effected. There may be some fundamental resemblance 
between the facility with which reciprocal crosses can be made and the; ease with 
which reciprocal grafts can be achieved: Darwin mentions the fact that he 
currant can, with some difficulty, be grafted on the gooseberry, while the 

re OnTof't^ successful experiments of this nature was that of Laibach 
(1925) involving the cross Linum perenne x L. austriacum and its reciprocal. 
When L. perenne is the female parent the embryo reaches maturity, butcannot 
sprout from the seed. In the reciprocal cross, hybrids can be obtained y 
dissecting the very young embryos out of the developing seed and growing them

„Xt soluBon. Stellar success was obtained using this method crosses 
between Secale cereale x Hordeum jubatum by Brink et al. (194 ).
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During research on the origin of wheat, much thought was given to the 
direction in which wheat may have crossed with various species of Aegilops in 
nature. It seems likely that Aegilops was the female parent. Belea (1976), for 
instance, obtained better seed setting if the Aegilops species were used as female 
parents in the Aegilops x Triticum and Aegilops x Secale crosses (Tables 9 and 
10). Thomas and co-workers (1980) also achieved better seed setting if the wheat 
species acted as pollinators in crosses with Aegilops and Elymus. This assump­
tion is also confirmed by observations made by Suemoto (1969) and others, who 
found that individuals in which the cytoplasm originated from Aegilops spel- 
toides and the cell nucleus from tetrapioid wheat were generally fertile, while 
in the reciprocal crosses the progeny were sterile. Observations made by Kiss 
(1955) however, indicate that in Triticum x Secale crosses, the best seed setting 
can be achieved in every case when wheat is the female parent. The reciprocal 
cross is rarely successful.

In other plants, too, great differences can often be experienced in the seed 
setting and even more so in the fertility as a function of the crossing direction. 
The genetic, physiological and plasmatic reasons for this phenomenon will be 
discussed later. In the cross Phaseolus vulgaris x ph. multiflorus, Lamprecht 
(1948) obtained a seed setting of 42.3%, whereas this value was only 0.5% in the

Table 16.
Effect of back-crossing on seed setting in interspecific Triticum hybrids

Combination
No. of 
flowers 
crossed

No. of 
seed 

obtained

% Seed 
setting

T. aestivum x ssp. carthlicum 247 86 34.8
(T. aestivum x ssp. carthlicum) x T. aestivum 656 29 4.4
(T. aestivum* ssp. carthlicum) x T. aestivum BC2 504 27 5.3
(T. aestivum* ssp. carthlicum) x T. aestivum BC3 2574 561 21.8
ssp. carthlicum * T. aestivum 1233 462 37.5
(ssp. carthlicum * T. aestivum) x T. aestivum 352 118 33.5
(ssp. carthlicum* T. aestivum) * T. aestivum BC2 280 152 54.3
T. aestivum * T. turgidum 279 3 1.1
(T. aestivum * T. turgidum) x T. aestivum 3352 528 15.8
(T. aestivum x T. turgidum) * T. aestivum BC2 1400 237 16.9
(T. aestivum* T. turgidum) x T. aestivum BC3 416 85 20.4
T. turgidum * T. aestivum 750 70 9.3
(T. turgidum x 7". aestivum) x T. aestivum 423 18 4.3
(T. turgidum* T. aestivum) x T. aestivum BC2 1240 86 6.9
(T. turgidum x T. aestivum) * T. aestivum BC3 1632 280 17.1
T. aestivum * ssp. dicoccum 560 149 26.5
(T. aestivum * ssp. dicoccum) x T. aestivum 336 70 20.8
(T. aestivum * ssp. dicoccum) * T. aestivum BC2 3216 1062 33.0
(T. aestivum * ssp. dicoccum) * T. aestivum BC3 360 159 44.0
(T. aestivum x ssp. dicoccum) x ssp. dicoccum 720 72 10.0
(T. aestivum* ssp. dicoccum) * ssp. dicoccum BC2 192 31 16.2
(T. aestivum* ssp. dicoccum) x ssp. dicoccum BC3 280 97 34.6
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reciprocal cross. Swaminathan-Radhakrishna (1957) reported on successful 
crosses between Nicotiana rustica x N. tabacum and N. debneyi x N. tabacum. 
In the reciprocal crosses, no seed setting was obtained. In a cross between 
Epilobium luteum and E. hirsutum, the was fertile if E. luteum was the female 
parent and sterile if the reciprocal cross was made.

2.8 Effect of back- and top-crossing on seed setting

Back- and top-crossing also have an effect on seed setting and this is of 
particular significance in making pollen-sterile interspecific hybrids fertile. Ob­
servations made by Belea indicate that the first back-cross (BC ) in interspecific 
crosses of wheat causes a temporary reduction in the seed setting percentage 
compared to the original interspecific cross. This was especially evident m the

Table 17.
Effect on seed setting of back-crossing with various Triticum aestivum cultivars

Combination
No. of 
flowers 
crossed

% Seed 
setting

% Germi­
nation

[T. aestivum (Fortunato)x ssp. dicoccum]*
192 23.9 74.4T. aestivum (Fortunato) BC2

[T. aestivum (Glutinoso) x ssp. dicoccum] x
576 23.6 69.1T. aestivum (Glutinoso) BC2

[T. aestivum (Mara) x ssp. dicoccum] x 
T. aestivum (Mara) BC2 432 25.4 41.8

[T. aestivum (Produttore) x ssp. dicoccum] x 
T. aestivum (Produttore) BC2 216 21.8 80.8

[T. aestivum (San Pastore) x ssp. dicoccum] x 
T. aestivum (San Pastore) BC2 138 4.3 83.3

....
1556 22.2 63.8

T. aestivum (Mara) x ssp. dicoccum] x
T. aestivum (Mara x San Pastore) 
[T. aestivum (Mara) x ssp. dicoccum] x 
T. aestivum (Mara x Etoile de Choisy) 
T. aestivum (Mara) x ssp. dicoccum] x
T. aestivum (Mara x Bezostaya 1) 
[ T. aestivum (Glutinoso) x ssp. dicoccum] x

196

192

25.5

23.9

76.0

54.3

248 9.7 72.5

360 50.8 60.1T. aestivum (Glutinoso x Bezostaya 1) 
[ T. aestivum (Glutinoso) x ssp. dicoccum] x
T. aestivum (Glutinoso x San Pastore) 
[T. aestivum (San Pastore) x ssp. dicoccum] x

336 60.1 29.7

120 64.1 69.6T. aestivum (San Pastore x Produttore) 
[T. aestivum (San Pastore) x ssp. dicoccum] x

208 64.4 70.8T. aestivum (San Pastore x Bezostaya 1)

1660 43.1 54.6
-
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Table 18.
Effect of top-crossing on seed setting in interspecific Triticum crosses

Combination
No. of 
flowers 
crossed

No. of seed 
obtained

% Seed 
setting

T. turgidum x T. timopheevii 701 15 2.1
(T. turgidum x T.timopheevii) x T. aestivum 146 9 6.2
(T. turgidum x T. timopheevii) x T. aestivum BC2 687 154 22.4
T. timopheevii x ssp. carthlicum 1760 193 11.0
(T. turgidum x T.x ssp. carthlicum) x T. aestivum 3516 94 2.7
(T. timopheevii x ssp. carthlicum) x T. aest. BC2 2448 230 9.4
ssp. carthlicum x T. timopheevii 1900 81 4.3
(ssp. carthlicum x T. timopheevii) x T. aestivum 443 17 3.8
(ssp. carthlicum x T.timopheevii) x T. aest. BC2 520 42 8.1
T. turgidum x conv. durum 147 42 28.5
(T. turgidum x conv. durum) x T. aestivum 133 8 6.0
(T. turgidum x conv. durum) x T. aestivum BC2 872 94 10.8
(T turgidum x conv. durum) x T. aestivum BC3 1534 267 17.4
( T. turgidum x conv. durum) xT. aestivum BC4 1344 196 14.6
T. aestivum x ssp. dicoccum 560 149 26.6
(T. aestivum x ssp. dicoccum) x conv. durum 408 51 12.5
(T. aestivum x ssp. dicoccum) x conv. durum BC2 480 76 15.8
(T. aestivum x ssp. dicoccum) x conv. durum BC3 240 102 42.5
(T. aestivum x ssp. dicoccum) x carthlicum 96 8 8.3
(T. aestivum x ssp. dicoccum) x ssp. carthlicum BC2 210 24 11.4
(T. aestivum x ssp. dicoccum) x conv. dur. x T. aest. 240 61 25.4
(T. aestivum x ssp. dicoccum) x conv. dur. x ssp. die. 312 50 16.0

combinations T. aestivum * ssp. carthlicum and T. aestivum x ssp. dicoccum 
(Table 16). In the second (BC2), and particularly in the third (BC3) back-cross 
there was a substantial rise in seed-setting percentage. In some cases better seed 
setting was obtained even in the first back-cross, e.g. in the combination T. 
aestivum x T. turgidum. Differences in seed setting were also found when the 
back-cross was carried out using different cultivars. Better seed setting but 
somewhat poorer germination of the hybrid grains were obtained when different 
wheat cultivars were used for the second back-cross (Table 17).

Pollen-sterile Ft hybrid plants can be successfully crossed with a third species, 
in which case we speak of top-crossing. As can be seen in Table 18, when the 
T. turgidum x conv. durum combination was top-crossed with T. aestivum, or 
the T. aestivum x ssp. dicoccum combination with ssp. carthlicum, there was 
again a temporary reduction in the extent of seed setting, but in the BC2, and 
particularly in the BC3, there was a perceptible rise in the percentage seed 
setting.

Numerous trigeneric hybrids have been reported in the literature, and these 
can be used to increase the degree of seed setting. Examples of this are Hordeum 
vulgare x Triticum aestivum x Secale cereale or Gossypium hirsutum x 
G. herhaceum x G. harknessii (Brown-Menzel, 1950).
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2.9 Influence of chromosome number on the success of crossing

Substantial differences in the seed, grain or pod yield in reciprocal crosses are 
also found if the parents have different chromosome numbers or if the genomes 
are not homologous. Deviations in the chromosome number are an extremely 
important factor in certain plant species, even though they cannot be regarded 
as the sole reason for the differences experienced in reciprocal crosses.

2.10 Pollen tube growth in style tissues

A number of authors have studied the germination of the pollen and the growth 
of the tube in the tissues of the style. The somatic chromosome number of the 
latter is diploid: 2m, while the pollen grain and the pollen tube are haploid (n). 
This suggests that the chromosome number of the pollen and the style tissue 
may have a role in pollen grain germination and pollen tube growth. When two 
species with the same chromosome number are crossed, or in the case of 
self-fertilisation, the chromosome ratio is 1:2. When crossing parental species 
with different chromosome numbers this ratio changes and will differ depending 
on whether the parent with the larger or smaller chromosome number is used 
as the female parent. This causes disturbances in the normal physiological 
relationship between the pollen tube and the style.

In numerous interspecific crosses, especially in the case of autotetraploid 
plants, the pollen tube growth will be better if the parent with the higher 
chromosome number is used as the female (Katayama, 1933; Watkins, 1932). 
In this case the ratio of the chromosome number of the pollen tube to that of 
the style tissue is greater than 1. When crossing 2m = 48 * 24 chromosome 
Datura species, for example, the pollen tube growth rate is 67.4%, whereas in 
the reciprocal cross it is only 13.7%. In this latter case the pollen tube rarely 
reaches the ovary. The chromosome number ratio of the pollen tube to the style 
tissue is 1:4 in the first case and 1:1 for the reciprocal cross. The ratios are 
similar in interspecific crosses of Nicotiana (East, 1935), Solanum (Jorgensen, 
1928), Galeopsis (Muntzing, 1930) and Lycopersicon (Cooper-Brink, 1945, 
Wojciechowski-Andrzejewski, 1986).

The superiority of pollen with a lower chromosome number is clearly illus­
trated when pollination is carried out with a pollen mixture. In the case of 
Secale, Lovenstein (1951) placed an n + 2n pollen mixture on the stigma of a 
tetrapioid plant and obtained 26.4% mature (4m) grains and 73.6% immature 
(3n) grains. If, however, this same mixture was put onto the stigma of a diploid 
(2n) plant the’ratio was 69.7% mature (2m) and 30.3% immature (3m) grains. If 
the 4m stigma was first pollinated with n pollen, followed half an hour later with 
2m pollen, 3.2% grains with a chromosome number of 4m were obtained, whereas 
if the stigma of a 2m plant was pollinated first with 2m pollen and half an hour 
later with n pollen, 26% 2m grains were obtained.
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The production of triploid water melon seed is also complicated by the fact 
that hybridisation is only possible in one direction. Triploid seed is only ob­
tained if the 4n x 2m cross is made. In the reciprocal direction, the thick pollen 
tube of the tetrapioid is unable to penetrate the thin style of diploid water melon, 
so fertilisation fails to take place. Since 4n water melons set only a tenth the 
number of seeds as 2m melons, the production of triploid 3m seedless water 
melons is not economical (Kiss-Belea, 1958).

In other plant species, such as Triticum (Wakakuwa, 1934), Avena (Ki­
hara-Nishiyama, 1932), Helianthus (Wagner, 1932), Rosa (Fagerlind, 1948) 
and numerous grasses, the growth of the pollen tube is better if the parent with 
the lower chromosome number is the female, when the chromosome number 
ratio is less than 1:2. In a third group, to which the Brassica genus belongs, no 
differences can be observed in pollen tube growth as a function of crossing 
direction.

In the cross Solanum tuberosum x S. acaule, Wagenheim (1954) found that 
the pollen tube of the male parent stopped growing completely in the style tissue. 
In the case of the reciprocal cross weak growth was observed. According to 
Batikina and co-workers (1961) the interaction of the female and male gametes 
depends on the initial development of the pollen tubes. In addition to mor­
phological reasons, other authors, too, put the differences observed in reciprocal 
crosses down to mainly physiological, genetic or plasmatic causes (Fabig- 
Novak, 1972; Nakanishi et al., 1969; Nakanishi-Hinata, 1975; Ockendon, 
1977, etc.). When the stigmata of T. monococcum and ssp. dicoccum are polli­
nated with the pollen of hexapioid wheat (T. aestivum), abnormal development 
is often noted after the penetration of the pollen tube. In the case of Prunus and 
Nicotiana, a blister forms on the end of the pollen tube, hindering the develop­
ment of the fruit. In the reciprocal cross, when the species with the greater 
chromosome number is used as the female parent, this phenomenon rarely 
occurs.

2.11 Seed or grain formation

The direction of crossing has an effect not only on seed setting, but also on the 
formation and quality of the hybrid seed or grain, and this also influences the 
germination of the seed. In addition to morphological reasons, this can be 
explained chiefly by the differing chromosome numbers in the tissues of the 
female parent, embryo and endosperm. The abnormal development of the 
endosperm is a particularly frequent cause of disturbances in hybrid seed 
formation. In the case of normal fertilisation and seed formation, the ratio of 
the chromosome numbers of the embryo, the endosperm and the maternal ovary 
tissue is 2:3:2, since the fertilised endosperm consists of triploid tissue, i.e. two 
female genomes are combined with one male genome. When crossing parents 
with different chromosome numbers, this ratio will change, depending on which 
species is used as the female and which as the male parent (Table 19). If the
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Chromosome number of the embryo, the endosperm and the ovary tissue (after Oehler, 1956)
Table 19.

Chromosome 
combination

Ratio of chromosome number Chromosome ratio

Embryo Endosperm Ovary tissue

between the 
embryo and 

the 
endosperm

between the 
embryo and 

the ovary 
tissue

between the 
endosperm 

and the 
ovary tissue

2n x 2n 2 3 2 0.67 1.0 1.5
2n x 4n 3 4 2 0.75 1.5 2.0
2n x bn 4 5 2 0.80 2.0 2.5
4n x 2n 3 5 4 0.60 0.75 1.25
bn x 2n 4 7 6 0.57 0.67 1.17

parent with the smaller chromosome number is the female, the embryo has a 
relatively large chromosome number compared to the endosperm and the 
female ovary tissue, while in the reciprocal cross its chromosome number will 
be relatively small. When the chromosome ratio of the embryo: endosperm or 
endosperm: female ovary is abnormal, as in the case of parent species with 
different chromosome numbers, this may result in morphological and physio­
logical changes which lead to anomalies in the development of the endosperm. 
This is much more pronounced if the species with the smaller chromosome 
number is the female parent. In this case the embryo: endosperm ratio is greater 
than 2:3 (Boyes-Thompson, 1937). In the reciprocal cross the endosperm 
develops better. In many cases the disturbances are so great that the endosperm 
completely ceases to develop and the embryo dies.

Anomalous development in the endosperm or embryo can be attributed to 
genetic or physiological reasons. After analysing the crosses Solanum acaule 
(8 x ) x S', acaule (4 x ) and S stoloniferum (4 x ) x S', tuberosum (4 x ), Wagen- 
heim (1954) suggested that, in addition to factors inhibiting crossing, which stem 
from the S. tuberosum species, abnormalities in the development of endosperm 
tissues were responsible in these combinations, too, for the disturbances.

In many interspecific crosses, after successful seed setting, the initial develop­
ment of the embryo and the endosperm is quite normal. Experiments on 
Medicago, Nicotiana, Lycopersicon, Hordeum and Zea species, carried out by 
Cooper-Brink (1945), indicate that the development of the endosperm 
usually only slows down after a number of days. This then leads to obstructions 
in the transport of nutrients, resulting in abnormal development of the tissues 
in the nucellus and ovary, which in turn hinders the development of the endo­
sperm.

When crossing Nicotiana species, after a few days the wall of the ovary begins 
to undergo intensive division, which prevents the endosperm from developing. 
At the same time the differentiation of the transporting tissue between the ovary 
and the embryo ceases to exist. In the tumours often developing in the ovaries 
of Datura species indolyl acetic acid forms, which could be responsible for the 
anomalies observed.
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In numerous genera (Zea, Secale, Hordeum, etc.) viable triploid hybrids are 
rarely obtained, because of abnormalities in endosperm development following 
fertilisation, as the result of which the embryo dies. This is primarily characteris­
tic of plants where the endosperm plays an important role in the nutrition of 
the embryo. Triploid plants can easily be produced, however, from species 
where little or no endosperm develops in the seed (Populus, Beta).

A few days after fertilisation, the endosperm and the embryo died in crosses 
between artificially produced autotetraploid Secale and Hordeum species and 
the original diploid species (Hakansson-Ellerstrom, 1950; Hakansson, 
1953). The anomalies are found chiefly in the endosperm development and result 
in the destruction of embryos which would otherwise develop normally.

The raising of the first generation is often difficult not only when the chro­
mosome number is different (2x x 6x), but also in crosses between species at 
the same level of polyploidy (4x x 4x or 6x x 6x). It frequently happens that 
the development of the endosperm ceases 8-10 days after the germination of the 
pollen and the embryo dies due to lack of nutrients. Forlani (1950), Brink- 
Cooper (1947) and Brown (1964) refer to this phenomenon as starvation. In 
other cases, plants developing from shrivelled seeds die off immediately prior 
to full development due to the effect of late-acting lethality (Hermsen, 1957; 
Morrison, 1953; Sachs, 1953). This difficulty can be overcome by raising the 
embryo artificially in an embryo culture. If such embryos are dissected out of 
the young seeds in time (8-12 days after fertilisation) and are fed artificially, they 
can be raised successfully. In this way viable Fj plants were raised from inter­
specific crosses of Linum (Laibach, 1925), Lycopersicon (Cooper-Brink, 1945), 
Datura (McLean, 1945), Gossypium (Beasley, 1940), Cucurbita (Weiling, 
1955), Hordeum (Brink et al., 1944), etc.

Using this method Redei (1954) was able to produce hybrid plants by raising 
embryos in vitro from the combination T. turgidum conv. durum x Secale 
cereale. Jamane (1953) raised the first generation of the cross Cucurbita pepo x 
C. moschata and its reciprocal. Due to the abnormal development of the 
endosperm, the hybrid seeds of combinations of the diploid Iris pallida (In = 24) 
and the polyploid I. macrantha, I. trajana and I. cyprium (In = 48 and In = 60) 
were poorly developed; these, too, could only be raised in embryo cultures. 
Hybrids of Gossypium arboreum x G. hirsutum (Gill-Bajaj, 1987), Ornithopus 
sativus x O. compressus, etc. could also be raised only in embryo cultures. 
Heszky (1972a, b) was only able to raise intergeneric hybrids between Lolium 
(L. westerwoldicum, L. perenne, L. multiflorum, L. temulenum) and Festuca 
(F. arundinacea, F. pratensis) in vitro. The hybrid proembryos were dissected 
out 7-14 days after fertilisation and raised on Difco Orchid and modified Nitsch 
nutrient medium. In order to ensure normal development, the hybrid proem­
bryos were kept on a medium supplemented with various osmotic agents, 
hormones and vitamins. The high osmotic pressure of the endosperm was 
achieved by increasing the concentrations of saccharose, glucose, casein hy­
drolysate and KH2PO4. After embryogenesis, the germination of the developed 
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embryos was induced by transferring them to a nutrient medium with lower 

OSTiTsuePculmUring has been successfully employed to raise intergeneric hybrids 
of Hordeum x Secale, Hordeum x Triticum, Hordeum x Agropyron and 
Hordeum x Avena (Kruse, 1973, 1974, 1967), trigeneric
between Hordeum, Triticum and Secale (Fedak-Armstrong 1980), Hordeum 
x Triticum hybrids (Molnar-Lang et. al., 1985), interspecific hybrids ofLy- 
copersicon (Cooper-Brink, 1945), etc. If the prepared embryo can be kept 
completely free of infection, the method is an extremely efficient way of raising 
hybrid plants from interspecific and intergeneric crosses,

YThe composition of certain nutrient mediums which have proved useful 
embryo cultures is presented in Table 20.

Composition of nutrient mediums used in embryo cultures
Table 20.

After Kruse (1974) After Tomaszewski-Kubok (1968) After Dvorak (1981)

KCl 65 mg/1

KNO3 100 mg/1

NH4NO3 100 mg/1

Ca(NO3)2 150 mg/1 
NaH2PO4 50 mg/1

KH2PO4 50 mg/1

MgSO4 70 mg/1 

adenine 40 mg/1
1-inozite 100 mg/1 
kinetin 0.5 mg/1
1AA 5 mg/1
(indo- 
leacetic 
acid)

Macro: 0.15 g/1
(NH4)2SO4 (0.25)
KNO3 0.25 g/1

0.20 g/1
Ca(H2PO4)2 (0.22)
Ca(NO3)2 0.15 g/1
MgS04 0.15 g/l

0.20 g/1
KC1 (0.25)

Micro: 0.15 mg/1
MnCl2
H3BO3 0.15 mg/1
CuSO4 0.05 mg/1
ZnS04 0.30 mg/1
(NH4)2MoO4 0.15 mg/1

Vitamins: 10 mg/1
B, thiamine

B2 riboflavin 7 mg/1
B6 pyridoxine 5 mg/l
H biotin 5 mg/1
PP nicotinic acid 5 mg/1
C (ascorbic acid) 50 mg/1
(pantothenic acid) 7 mg/1

NaH2PO4+H2O 150 mg/1

KNO3 2 500 mg/1

(NH4)2SO4 134 mg/1

MgSO4+H2O 250 mg/1
Fe-EDTA 35 mg/1

CaCl2 + H2O 150 mg/1

MnSO4 + H2O 10 mg/1

H3BO3 3 mg/1
ZnSO4 + 7H2O 2 mg/1
Na2MoO4 + 2H2O 0.25 mg/1
CuS04 0.03 mg/1

CoC12 + 6H2O 0.03 mg/1

KI 0.75 mg/1
nicotinic acid 1 -0 mg/1
thiamine 10 mg/1
inosite 2 000 mg/1
glutamine 400 mg/1
serine $0 mg/1
cisteine 10 mg/1
sucrose 60 000 mg/1
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2.12 Quality and germination of hybrid seeds

If the hybrid seeds are filled out and develop fairly normally, this means they 
have a sufficient amount of endosperm. Some seeds, however, will be larger or 
smaller than the parents and severely shrivelled due to the lack of endosperm. 
There is no connection between the degree of seed setting and the quality of the 
hybrid seed, but the quality is correlated with germination. This is particularly 
obvious in crosses between parents with different chromosome numbers. In 
interspecific crosses of wheat, for instance, the hybrid seeds are often filled out, 
but smaller in size if the parent with the larger chromosome number is used as 
the female, and these seeds have better germination (Belea, 1964). In the 
reciprocal cross, although the seeds are larger, they are shrivelled due to lack 
of sufficient endosperm, so their germination ability is also poorer (Table 21). 
The direction of crossing also exerts an effect on the mass and length of the 
seeds. For example, the average mass and length of pentapioid hybrid seeds of 
wheat are 24.7 mg and 7.9 mm in the tetrapioid x hexapioid direction, while 
in the reciprocal cross these values are 12.1 mg and 4.4 mm (Table 22). Similar 
observations were made by Kihara-Nishiyama (1932) when crossing Avena 
species with different chromosome numbers (Table 23). In this case the tissue 
of the female ovary has a relatively small chromosome number (2 x), while 
those of the embryo (3 x) and endosperm (4 x) are larger, and this gives rise 
to larger, but shrivelled hybrid seeds.

Watkins (1927) was the first to establish the fact that when crossing parents 
with different chromosome numbers, seed setting was lower, but the hybrid 
seeds germinated better if the species with the larger chromosome number was 
used as the female parent. In the reciprocal cross the seed setting was better, but 
the germination vigour was poorer due to the shrivelled state of the seeds. This 
conclusion was drawn mainly from crosses between T. turgidum and T. aes-

Seed setting, seed germination and seed formation in direct and reciprocal crosses of Triticum 
species with different chromosome numbers

Table 21.

Chromosome 
combination

Seed setting Germination Seed formation

No. % No. % Size Quality

n = 1 x n= 14 211 6.2 16 12.6 large slightly shrivelled
n = 14 x n-1 319 4.4 219 27.3 medium fairly well filled
n = l x n = 21 18 0.7 2 10.0 large shrivelled
w = 21 x n = l 84 1.9 31 49.6 medium slightly shrivelled
T. timopheevii x n = 14 140 5.0 92 58.9 medium slightly shrivelled
n- 14 x T. timopheevii 846 17.6 592 67.5 large slightly shrivelled
n= 14 x n = 21 1851 12.6 857 32.1 large shrivelled
n = 21 x n= 14 783 10.7 613 50.8 small very well filled
T. timopheevii x n = 2l 335 5.6 84 25.3 large shrivelled
n = 21 x T. timopheevii 156 3.3 93 53.3 small well filled
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Table 23.
Seed setting, seed germination and seed formation in direct and reciprocal crosses between 

Avena species with the same or different chromosome numbers
(after Kihara-Nishiyama, 1932)

Chromosome 
combination

Seed setting Seed germination Seed

No. %* No. % Size development

n-1 x n=1 59 85.5 43 87.8 small well developed
n= 14 x n= 14 222 96.6 210 97.3 large well developed
n=21 x n = 21 69 86.3 68 98.7 large well developed
n = 7 x n= 14 118 81.4 88 74.6 large or small shrivelled
n = 14 x n = 7 119 73.5 110 93.2 fairly small slightly shrivelled
n = l x n = 21 56 71.8 0 — large shrivelled
n = 21 x n = l 81 62.3 46 56.8 small somewhat shrivelled
n = 14 x „ = 21 222 95.3 136 61.3 large very shrivelled
n=21 x n= 14 113 71.1 108 98.2 small well developed

* where 100% is the number No. of fertilised stigmata

tivum. Venediktov (1958) reached similar conclusions when carrying out cross­
es between conv. durum ssp. carthlicum species and hexapioid wheat. Granhall 
(1943), on the other hand, obtained both better seed setting and better germina­
tion of the hybrid seeds in the T. aestivum x T. turgidum cross if the parent with 
the larger chromosome number (T. aestivum) was used as the female. The 
probable reasons for this is that the climatic conditions in Sweden do not favour 
tetrapioid wheat species.

Certain authors (Thompson-Robertson, 1930) consider this phenomenon to 
be characteristic only of pentapioid hybrids. Belea (1976), however, found it 
to apply not only to pentapioid (4x x 6x) crosses, but also to triploids (2x x 
4x) (see Table 18).

Katayama (1933) classifies all plant species characterised by this 
phenomenon as "Triticum” types, the opposite of which is the "Brassica” type, 
where better seed setting and a poorer germination percentage are obtained if 
the species with the larger chromosome number is the female parent. In yet other 
species (e.g. Nicotiana') no such phenomenon is experienced.

The crossing direction generally has a greater effect on germination than on 
seed setting. In practice it would thus seem advisable to use the species with the 
higher chromosome number as the female parent, since this will improve the 
percentage germination. The associated drop in seed setting can be counter­
balanced by using biotypes or cultivars with good combining ability.

As mentioned above, the germination ability of well developed hybrid seeds 
is usually better. There is no direct correlation between the degree of seed setting 
and germination. Shrivelled seeds may be obtained even from successful crosses. 
It may also happen that seed setting is better if the species with the larger 
chromosome number is used as the female parent. In this case there can be no 
doubt about which crossing direction is likely to give the best results.
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2.13 Effect of genome differences on the success of crossing

As in the case of differences in chromosome number, genome differences, 
especially in the cereals, also have an effect on the success of crosses between 
different species. The development of the embryo and the endosperm is influ­
enced not only by quantitative differences in the chromosomes, but also by 
qualitative (genome) differences. If the genomes of the parents differ in quality, 
abnormalities will be observed in endosperm development and the embryo may 
die. If the new genome complexes are homologous with the genomes of the 
female ovary tissue, the development of the endosperm will be normal, other­
wise there will be anomalies.

Table 24.
Genome relations when crossing species having the same or different chromosome numbers with 

the same or different species (after Katayama, 1933)

Cross
Pollen 
tube

Style Embryo Endosperm
Reciprocal 
differences

AA x AA A AA AA AAA factorial or

AABB x AABB AB AABB AABB AAABBB plasmatic

AAAA x AA A AAAA AAA AAAAA quantitative

AA x AAAA AA AA AAA AAAA quantitative

A A x RR B AA AB AAB qualitative

BB x AA
AARR x AA

A
A

BB 
AABB

AB 
AAB

ABB 
AAABB

qualitative 
quantitative and

AA x AABB AB AA AAB AAAB qualitative

When crossing species with the same chromosome number and homologous 
genomes (A x A or AB x AB), differences in seed setting and seed formation 
depend only on gene activity or the cytoplasm effect, and on interactions 
between them. , ,_

If the species crossed have different chromosome numbers but homologous 
genomes (Ax AA) the success of crossing is influenced only by quantitative 
factors When the species have the same chromosome number, but the genomes 
are not homologous, qualitative differences between the parents are also impor­
tant In an A x B combination the endosperm will have the genome composition 
AAB while the style and the ovary tissue are AA. In the reciprocal cross (B x A) 
the endosperm will be ABB and the style and ovary tissue BB When crossing 
species with different chromosome numbers and non-homologous genomes 
(A x AB), but which belong to the same genus and are not too distantly related 
to each other, both quantitative and qualitative factors exert an effect..If the 
species to be crossed belong to different genera and have completely different 
chromosome numbers and genome quality (AB x S), the success of crossing 
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depends only on qualitative factors. In an AB x A cross the endosperm contains 
5 genomes (AAABB), while in the reciprocal cross it contains 4 (AAAB) (Table 
24). When crossing hexapioid and tetrapioid wheat species (ABD x AB) the 
endosperm develops satisfactorily if the D genome is doubled in the species 
which has a higher level of polyploidy (AAABBBDD), but will be poor if the 
D genome is only present once (AAABBBD).
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3. Morphology of interspecific 
and intergeneric hybrids

Before discussing the morphology of interspecific and intergeneric hybrids, a 
brief description must be given of the process of fertilisation, the structure of 
the chromosomes which play a decisive role in heredity, and the rules governing 
heredity.

3.1 Fertilisation

It has long been known that when the pollen reaches the stigma, it produces a 
pollen tube which penetrates to the ovule. In 1830 Amici observed that the 
pollen tube had reached the ovum, but was unable to establish the fact that they 
had actually united. In his opinion, the pollen tube simply stimulated further 
development. It only later became known that the pollen fertilised the ovum,

Fig. 26. The life cycle of plants (Sinnott et al., 1958)
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the most important cell in the interior of the ovary. There may be one or more 
ovules in the ovary. An embryo sac forms in the ovule and, as the result of 
complicated cell divisions, 8 gametes form in the embryo sac. These are charac­
terised by the fact that they have a chromosome number which is only half that 
of the somatic cells. Of these 8 cells, 4 are to be found at the lower pole of the 
embryo sac and 4 at the upper pole. In the following stage, one cell each from 
the upper and lower groups migrate to the middle and unite, so that the 
chromosome number of this united cell is the same as that of the somatic cells. 
This is referred to as the secondary nucleus. Three cell nuclei thus remain at the 
bottom and three at the top, each surrounded by a separate cell wall. Of the 
upper 3 nuclei, one forms the ovum and the other two are accessory cells. In 
general it is the ovum which is fertilised (Fig. 26). After pollination the cell 
nucleus of the pollen tube divides into two parts in the course of growth, one 
forming the vegetative cell nucleus and the other the generative cell nucleus. The 
first develops the pollen tube, the material of which is later absorbed. The 
generative nucleus divides into two (Gt and G2), after which both migrate 
towards the ovum, with which Gt unites. This gives rise to the zygote, the first 
cell of the embryo, which contains a double quantity of chromosomes. After this 
first fertilisation, G2 moves on downwards into the embryo sac, where it unites 
with the secondary nucleus, producing an entity with a triple quantity of 
chromosomes. This then develops into the endosperm. Since the cell nucleus of 
the fertilised ovum also contains the cell nucleus of the pollen, and since the 
chromosomes of the cell nuclei are the carriers of the plant characters, the 
characters of both parents are to be found in the new embryo.

3.2 The fine structure of the chromosome

The observable properties of an individual, the phenotype, are determined 
jointly by the characters transferred by genes obtained from the parents and by 
the environment in which the organism develops, which influences the man­
ifestation of these characters. Darwin (1877) attempted to explain this 
phenomenon using the theory of “pangenesis”, according to which every cell in 
the body was assumed to emit small particles known as “gemmules” which 
carried the characters to the reproductive cells. In a hybrid, Darwin assumed 
that there were two kinds of gemmules, or character-carriers: pure gemmules 
originating from each of the two parents, and combined or hybridised gemmules 
as well. On this basis, he gave as clear an account of the reasons for the 
re-appearance of the original parental characters as could have been expected 
at the time.

It has since been proved, however, that the material which carries the various 
characters is to be found in the chromosomes, which have a long, thread-like 
structure, coiling up like a cork-screw and becoming much shorter during cell 
division. Since they are easily stained, they can be observed readily using a 
microscope. The chromosomes are located in the cell nucleus and the number 
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of chromosomes is characteristic of the species in question. The basic chro­
mosome number is that of the monoploid and is symbolised by x. The gametes 
are haploids and have a chromosome number designated by n in diploid species. 
The somatic cells have a chromosome number of 2n, since they contain one pair 
of each type of chromosome.

Each chromosome contains two strands, running parallel to each other and 
of identical structure. These are known as chromatids. During cell division they 
become separated and migrate into separate daughter cells, where they duplicate 
themselves. The old and new chromatids produced in this manner form a new 
chromosome (in the course of mitosis). When the gametes are formed, in the 
course of reductional division (meiosis), various homologous chromosomes are 
located to start with in the equatorial plane of the cell. One member of each pair 
migrates to one pole of the cell and the other to the opposite pole, where the 
chromatids separate, as in equational division (mitosis), but instead of two, four 
new cells are formed, each containing the number of chromosomes characteris­
tic of the somatic cells (e.g. the gametic chromosome number of Brassica is n = 9, 
that of hexapioid Triticum n = 21, that of Capsicum species n = 12). In the somatic 
cells 2n= 18, 2m = 42 and 2m = 24 chromosomes are found, respectively. Since 
the chromosomes of a single cell differ considerably from each other in size, 
shape, structure and behaviour, they are relatively easy to identify.

The particles which transfer the various characters (the genes) are located at 
specific sites on the chromosomes, like links in a chain; they are generally 
designated using the initial letter of the characters they determine. If the in­
heritance of a particular character is to be traced, there must be at least two 
distinctive forms of manifestation (e.g. in Mendel’s experiment, the yellow and 
green colours of the peas). A more detailed explanation will be presented in the 
following section.

3.3 Rules of heredity

The work of Gregor Mendel (1866-1870) provided an answer to a question of 
great interest to modern man, that of why one progeny resembles its parents 
more than the other. The laws of heredity derived from what are now regarded 
as classical experiments on peas were reported to other specialists on the subject 
in 1866 but were met with incomprehension and were gradually buried in 
oblivion When the laws of heredity set up by Mendel were rediscovered in 
1900 (Tschermak, 1900; Correns, 1900 and De Vries, 1901), genetics began 
to develop at a rapid rate. Mendel laid the foundations of the gene theory and 
set down the laws manifested in the transfer of hereditary characters from the 
parents to the offspring. Since then, not only plant breeding, but also the choice 
of cultivar and the propagation of seed require a knowledge of basic genetics.

Nowadays, a decisive role in heredity is attributed to the chromosomes. The 
gametes are haploids, so they contain only one of each of the chromosomes 
characteristic of the somatic cells. In a similar manner, there is only one of each 
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gene. The zygote arising in the course of sexual reproduction, however, contains 
a diploid set of chromosomes, so the genes, too, are present in pairs. The gene 
pairs found at the same loci are referred to as alleles. The allele is thus a 
morphological term, indicating that the allelic genes are located in the same part 
of the chromosome, though they may not necessarily contain the same informa­
tion. If the genes in the gametes are designated as “A” and “a”, there are three 
possible ways in which the genes can pair to form a new genotype, namely: AA, 
Aa and aa. Each gamete contains one allele, so when two gametes combine, 
three different genotypes will be produced in the case in question. If both 
members of the allele pair determine the same characters in the same way (and 
are thus designated by the same symbols: AA or aa), they form a homozygote. 
If one member of the allele pair determines the given character differently to the 
other, the new cell is a heterozygote (Aa or aA).

In the allele pair, “A” determines which character or trait appears in the 
progeny. In the present case one member of the allele pair, “A”, is dominant, 
while the other, “a”, carries a recessive trait. Dominant factors are characterised 
by the fact that the traits they determine are inherited even if the allele is only 
present once in the allele pair, while the recessive factor only determines the trait 
which will be manifested if it is present twice, which means that the allele pair 
is homozygotic (in the present case the “aa” homozygote is recessive).

If individuals representing the three genotypes mentioned above (AA, Aa and 
aa) are crossed with each other, the following possibilities will occur:

1. AA x AA,
2. AA x Aa,
3. AA x aa,

4. Aa x Aa, 
5. Aa x aa, 
6. aa x aa.

It can thus be seen that, in the case of two alleles, there are three possible 
genotypes, resulting in six crossing types. If these crossing types are examined 
more closely, it will be seen that in cases 1, 3 and 6 the progeny will form a 
uniform population, all resembling each other. This means that when crossing 
homozygotes the first progeny generation is always uniform, though it may 
contain both homozygotes and heterozygotes. This observation is expressed in 
Mendel’s first law, the principle of uniformity in FP

In cases 2, 4 and 5, heterozygotes are crossed, or at least one of the parents 
is a heterozygote. In this case the characters are separated in the progeny 
generation. This is expressed in Mendel’s second law, the principle of segrega­
tion.

The first two Mendelian laws can only be explained as the behaviour of a pair 
of alleles, i.e. the factors which determine the character, located on two chro­
mosomes. If, however, the plants crossed have two different pairs of homolo­
gous chromosomes, i.e. two pairs of alleles determining different characters, 
rather than just two homologous chromosomes, the results will be different.

Let us suppose that two alleles, AB (the dominant form) and ab (the recessive 
form) are present. Four types of gametes are thus possible: AB, Ab, aB and ab. 
This is well demonstrated by Mendel’s experiment, in which a pea variety 
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with two dominant characters, round, yellow peas (AABB). was crossed with 
a variety having two recessive characters, angular, green peas (aabb), All 
individuals in the p! were round and yellow, their genotype being AaBb (or 
AABB). In the second generation four types of gametes are produced, in the 
following numerical ratio:

AB round, yellow 315 plants
Ab round, green 108 plants
aB angular, yellow 101 plants
ab angular, green 32 plants.

The genotypes of progeny arising from these four gametes in all the 16 
possible crossing combinations are illustrated in Fig. 27. In nine cases both 
dominant alleles are found (AB), in three cases one dominant allele ispresent 
(Ab) in a further three cases the other dominant allele (aB) and in one case bot 
the recessive alleles (ab). Only one of the sixteen cases produced a homozygotic 
dominant and one a homozygotic recessive. These observations all go to pro 
the free combination of the individual factors (alleles). This constitutes Mende s 
third law, the principle of independent assortment.

As mentioned above, the genes are located on the chromosomes like links in 
a chain. During the pachytene phase of meiosis, the formation of synapses 
between the chromatids allows recombination to take place, i.e. the exchange 
of various sections of homologous chromatids. In this way maternal genes may 
be transferred to the paternal chromosome, and paternal genes to the maternal

round 
yellow

wrinkled 
green

Fig. 27. Independent
inheritance of two pairs of characters in a cross between round yellow peas 

and green wrinkled peas (Dubinin, 1970)
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Fig. 28. Cytological background of dihybrid segregation. Course of heredity for two pairs of 
chromosomes, on each of which a pair of alleles is located. The formation of the parental 
gametes, the course of meiosis and the formation of the hybrid gametes is illustrated. The 
diagram also indicates the possible chromosome combinations in the F2 (Dubinin, 1970)

chromosome. It is thus obvious that dihybrid segregation is based on the 
inheritance of two pairs of chromosomes and on their independent combina­
tion, and also on the independent combination of the alleles within the chro­
mosomes. In the course of meiosis four types of gametes are formed. As the 
result of free combination and fertilisation, 16 categories of zygotes are possible 
(Fig. 28). If the diheterozygote is to produce four types of gametes, it is essential 
for the alleles in question to occupy homologous loci in the homologous 
chromosome pairs.
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A knowledge of dominance relationships is extremely important, as it means 
that the success or failure of a cross can be judged from the appearance of the 
Fj plants, particularly if the plant carrying the dominant traits is used as the 
male parent. The dominance relationships often determine the conditions under 
which the hybrids must be raised. The dominance of winter or spring habit and 
frost resistance or sensitivity, for instance, will determine whether the first 
generation should be sown in autumn or spring. A knowledge of dominance 
relationships also facilitates the selection of recessive traits in early generations. 
In the case of repeated back-crosses, if the desired character of the donor parent 
is recessive, it is unnecessary to raise an F3 generation in between back-crosses. 
This means that selection can be carried out at an earlier stage. Naturally, 
dominance relationships may differ in different combinations, as will be discussed 
in more detail below.

3.4 Morphology of the first generation

The more that is known about the genetics of various plant species, the more 
likelihood there is that the appearance and frequency of new combinations will 
be reliably predicted, provided the environmental conditions remain unchanged. 
To this end, genetic analyses must be conducted on the initial stock, studies 
must be made on inheritance relationships of individual characters, etc., since 
without this knowledge even simple variety crosses and breeding are unlikely 
to succeed.

Focke (1881) remarked on the fact that when crossing closely related races, 
especially colour varieties, plants were frequently derived which resembled more 
or less exactly one of the parent races. The examples cited included Brassica 
rapa, Linum, Pisum, Phaseolus, Anagallis, Atropa and Datura.

A number of interesting details are recorded with respect to crossing plants 
within different families. Lecoq (1862) refers to a cross in the Cruciferae made 
by Sageret (1826) between a cabbage and a black radish, the latter serving as 
the seed parent. Lecoq also mentions a sectorial chimaera in Dianthus barbatus, 
which sometimes shows “variations” in which flowers of different colours occur 
not only on the same plant, but within the same inflorescence, white and red 
flowers being immediately juxtaposed.

When discussing the Leguminosae, Lecoq (1862) speaks of crosses involving 
alfalfa, alluding to the undoubted possibility of successfully crossing ordinary 
alfalfa (Medicago sativa) with yellow trefoil (Medicago lupulina).

Mendel (1866-1870) himself, in later experiments involving crosses between 
dwarf lima beans (Phaseolus nanus), having small white seeds, and scarlet 
runner beans (Phaseolus multiflorus), having large seeds with black flecks and 
splashes on a peach-blossom red ground, found that the colour combinations 
in the seeds did not appear to follow his laws. Anticipating modern work, which 
has since confirmed his hypothetical conclusions, he says: “Even these enigmati­
cal results, however, might probably be explained by the law governing Pisum, 
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if we might assume that the colour of the flowers and seeds of Phaseolus 
multiflorus is a combination of two or more entirely independent colours, which 
individually act like any other constant character in the plant”.

In addition to these authors, an extremely wide-ranging literature has grown 
up, particularly since the beginning of the 20th century, on the morphology of 
interspecific and intergeneric hybrids and on the inheritance and segregation of 
various characters and traits (Mutly-Lakhan, 1958; Sharman, 1950; Smith, 
1957; Kristofferson, 1926, etc.).

3.4.1 Uniformity and multiplicity of Ft hybrids

If the parental species are self-fertilised and are homozygotic with respect to 
their morphological characters, the plants in the first generation of interspecific 
and intergeneric hybrids are generally similar to each other in appearance, like 
hybrids stemming from variety crosses, which obey Mendel’s first law, the 
principle of uniformity. This hybrid form is independent of the crossing direc­
tion. If, however, the parents are heterozygotic with respect to their morphologi­
cal characters, especially if they are also cross-pollinated, it is generally found 
that the Fj population consists of individuals with many, extremely varied 
phenotypes.

As early as 1866, Nageli noted that among the species hybrids there were 
some which showed noticeable variability even in the first generation. This 
phenomenon was particularly common in crosses between nearly related spe­
cies, such as the hybrid of Lychnis diurna x L. vespertina. The least variability 
was found as a rule in hybrids where the parent species possessed only a slender 
mutual relationship.

In the 90s of the last century, MacFarlane (1890) published considerable 
work based on a histological study of the characters of hybrids and their 
parents, which did much to throw light on the ultimate character of the hybrid 
condition in the Fj generation. As the result of these investigations, MacFarlane 
was able to reach a much more exact point of view with regard to the structural 
characters of hybrids than most of his contemporaries; a view for which few 
data then existed, and in which investigations do not seem to have been con­
tinued until the post-Mendelian work of Darbishire (1908) on the structure of 
the starch grains in a cross of peas.

Mendel (1866-1870) himself noted the appearance of several types of Ft 
plants in the combination Hieracium auricula x H. aurantiacum, the cause of 
which was the heterozygotic nature of the latter species. In a similar manner, 
the heterozygotic nature of one or both parents was responsible for the ap­
pearance of several types in the Fi of other hybrids. In certain interspecific crosses 
in the Oenothera genus, for example, 2, 3 or 4 types were found in the F,. 
depending on the combination. De Vries (1907) found 4 types in the Fj of Oe. 
nutans x Oe. pycnocarpa and two in the first generation of Oe. muricata x Oe. 
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lamarckiana. These Oenothera species are themselves permanent heterozygotic 
hybrids, consisting of two components. If the parents are different in all respects, 
the Fj will consist of four different types, assuming that the gametes and zygotes 
are viable. If, on the other hand, one or more gamete or zygote complex is 
incapable of development, there will be fewer phenotypes in the FP

In the Fj of the cross Raphanus sativus x Brassica oleracea, although the 
majority of plants were small-flowered and of dwarf habit, enormous in­
dividuals of the rosette type with poor flowering and tall, richly flowering plants 
were also obtained (Karpechenko, 1928). In the combination Helianthus cu- 
cumerifolius x H. macrophyllus, 50% of the first generation was dwarf, while 50% 
resembled the male parent. In the Fj of H. cucumerifolius x H. tuberosus, every 
possible transition can be found between the normal growth of the male parent 
and the weak, unviable dwarf type (Whelan, 1978). In intergeneric hybrids of 
Fragaria (F. vesca x F. chilonsis, F. glauca x F Virginia) and in the Fj of 
Nicotiana species (N. longiflora x N. sanderae), dwarf, stunted types are 
frequently found among the normally growing plants. The probable reason for 
this is the presence of a semi-lethal factor in N. longiflora (Brieger, 1929). The 
first generation of Phaseolus vulgaris x Ph. coccineus consists of 5 different 
types: one similar to the male parent, with intense growth, an intermediate type, 
a sterile dwarf, a sterile semi-dwarf, and a type with early lethality (Lam- 
precht, 1948). A definite ratio, of 3:1 or 1:1, can only be observed between 
one or two types. The segregation probably depends on a factor found in one 
of the parents and causing sterility in the heterozygotic state. Rudorf (1953) 
proved that plants with anomalous development arose irrespective of the direc­
tion of crossing. In his opinion, the anomalies were caused by the presence in 
the parents of alleles inducing different kinds of inheritance. He demonstrated 
the fact that various inbred lines of the same varieties of Ph. coccineus carried 
different alleles of this species, and these caused the disturbances. In the first 
generation of Ph. vulgaris x Ph. multiflorus, too, types with dwarf habit or 
exceptionally tall (10 m tall) plants were found among the small number of 
intermediate plants, depending on the crossing direction. There are also dif­
ferences in the Fj interspecific hybrids of the genera Oenothera, Digitalis, 
Epilobium, Rubus, Medicago, Primula and Hieracium, and the appearence of 
plants of different types depends on which species was used as the female parent. 
According to Michaelis (1937), for example, the cross Epilobium luteum x 
E. hirsutum produces bushy, prostrate, broad-leaved plants bearing fertile an­
drogynous flowers. In the reciprocal cross, however, the plants are all pyramidal 
and erect, with narrow leaves and exclusively female flowers. The difference is 
probably caused by deviations in the cytoplasm. In the Ft populations of crosses 
between Helianthus (sunflower), Fragaria (strawberry), Rubus (blackberry) and 
Nicotiana (tobacco) species, under-developed short types are to be found among 
the tall normally developed plants. The appearance of individuals with different 
phenotypes can be attributed primarily to the fact that one or both of the parent 
species is heterozygotic for the majority of the morpholocial traits, and only 
homozygotic for one or two characters. In the case of interspecific and inter­
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generic crosses, this is the general situation, especially for cross-pollinated 
species. In the combination Phaseolus vulgaris x Ph. multiflorus, for example, 
the male parent is a cross-pollinator.

Varying types also occur frequently in the Fj generation of self-fertilising 
plants. In the Fj of Triticum aestivum x T. monococcum, for instance, in­
dividuals in which the glumes are loosely arranged in the lower part of the ear 
and densely packed in the upper third (squarehead), or having componed ears 
(vavilovoid), are found amongst the intermediate types (Fig. 29). The plants in 
the first generation of this combination included some in which 2-3 undeveloped 
ears covered with a leaf-sheath were formed on the same stalk as the main ear 
(teratological phenomenon). Deviant types can also be observed among the

tig. 29. Spikelet forms of the Triticum aestivum x T. monococcum Fj hybrid and the parental 
species (Belea, 1976)
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mostly uniform F. plants of the combinations T. timopheevii x ssp. carthlicum 
and T aestivum x T. timopheevii as well; these include dwarf compactoid and 
squarehead individuals. This can again be attributed to the heterozygotic nature 
of the parent species.

3.4.2 Pseudohybrids resembling the male and female parents

In one group of interspecific hybrids, a substantial proportion of the Population 
resembles the female and male parents, or the offspring resemble only one 
the parents. The latter are often referred to as apparent or pseudohyb . 
Various Hieracium species, for example, develop two kinds of embryo s , 
normal reduced embryo sac from which a hybrid develops after pollination, and 
a non-reduced diploid, which develops on its own without fertilisation and 
produces a plant resembling the female parent. Other Hieracium species; form 
exclusively diploid embryo sacs, from which only pseudohybrids develop. In 
other crosses, for instance in interspecific crosses in the genera Gramineae 
(Gaines-Aase, 1926), Nicotiana (Kehr, 1951), Primula (Ernst 1951) and 
Brassica (Nishiyama-Inamori, 1953), plants resembling the female species do 
not develop alone, but only if species-alien pollen is used in pollination. These 
pseudohybrids arise due to pseudogamy and develop from non-reduced ovules 
or from other cells of the gametophytes (Triticum, Nicotiana, etc.). Diploids may 
also appear if the chromosomes double at a later stage (Brassica, Primula, etc.) 
The haploid plants resemble the female parent as regards their phenotype, but 
are smaller and less well developed in every respect.

Among the brassicas it is very rare for types resembling the maternal parent 
to arise in the first generation. Only when pollination is carried out with 
species-alien pollen do a few individuals correspond to the maternal type Seed 
development is induced to a certain extent by pollination (pseudogamy). This 
phenomenon invest,gated by Ebn.nk (1974a. b. 1975a. b). Mackay m
Dixon 1968), etc., who gave detailed reports on the inheritance of quantitative 
characters resembling the female parent, and on the phenomenon of par- 

^T^ma^afso happen that some of the Ft plants are not uniform but have 
differently formed organs (flower colour, flower shape). In the Fx of Raphanus 
raphanistrum x R. sativus. for example, flowers of both the female: and male type 
(white and yellow) appear and produce two kinds of seeds (Renner, 1929).

3.4.3 Hybrids of the intermediate type

In general the Ft plants of interspecific and intergeneric hybrids give the 
impression of being intermediate types. In reality, however this is not so. 
Oehler (1956) distinguishes between apparently transitional and real inter­
mediate types. In the first case, due to the countless traits which are inherited 
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differently in the parents, the hybrids inherit some of the dominant characters 
from each, so this is really a case of mosaic inheritance. In true intermediates, 
traits where the dominance of neither parent exerts itself are predominant. This 
leads to a segregation ratio of 1 : 2 : 1, and the hybrids do not give the im­
pression of being intermediate with respect to certain traits, but as regards the 
plants as a whole. In reality, as in variety hybrids, they show a colourful mosaic 
of different morphological characters, and of these traits some have inter­
mediate inheritance, while in others the dominance of male or female parent 
exerts itself. In addition, there are characters which lead to luxuriance (giant 
growth) or depression (dwarf growth). This abnormal growth is probably due 
to the additive or inhibitive effects of growth factors in the progeny.

The majority of Fx hybrids obtained in the course of interspecific crossing in 
wheat are also characterised by a mosaic type of inheritance or phenotype. In 
the case of the T. timopheevii x ssp. carthlicum cross, for example, the hairiness 
of the ear glumes, leaves and auricules in the first generation resembles that of 
T. timopheevii, while the number of awns is reminiscent of the male parent 
(four-awned ssp. carthlicum).

In the case of hexapioid triticale No. 1 (T. turgidum var, buccale x Secale 
cereale, stable hybrid), Kiss (1969) examined 28 morphological and 29 quan­
titative characters. Among the morphological characters the dominance of 
wheat (T. turgidum var. buccale) could be observed in 7 cases and the domi­
nance of rye (S. cereale) in nine. Eight characters were intermediate in nature, 
while 4 were completely new (seedling colour, straw colour at maturity, ear 
colour and number of flowers per ear). Of the quantitative characters, 13 were 
maternal, 3 paternal, 4 intermediate and 9 completely new (glume length, 
number of grains per ear, hectolitre mass of the grains, anther size, etc.).

In the Ft of Triticum x Secale crosses, the length and breadth of the rachis, 
the number of spikelets, the shape of the glume, the pith content of the straw, 
the duration of flower opening, and the time of flowering and ripening are also 
inherited in an intermediate manner.

In 2n = 35 chromosome F t plants of the cross Agropyron tsukushiense x Hor­
deum bulbosum, which are sterile but otherwise of intensive development, the 
plant height and the length of the ears and internodes are transitional between 
the values found in the two parents; only the flag leaf was longer than that of 
the parents. With respect to morphological traits, however, the hybrid had a 
closer resemblance to the male parent.

3.4.4 Maternal or paternal inheritance

In many cases the first generation of interspecific hybrids pronouncedly resem­
bles the phenotype of one of the parents, due to the dominant inheritance of the 
majority of morphological traits. In this case the inheritance is matroclinal or 
patroclinal, depending on whether the progeny generation is similar to the
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downiness of the stalk and leaves, inherited from the pollinator, is much more 
intense than in the reciprocal cross. In the same way, the inheritance of hairy 
leaves, stalk, auricula and ears from T. timopheevii is also more pronounced if 
this species was used as the male parent.

Cases are also known where the characters of the parent with the smaller 
chromosome number are dominant, for instance in the crosses Nicotiana longi- 
flora (2n = 20) x N. sanderae (2n = 18) and Fragaria Virginia (2n = 56) x F. eliator 
(2n = 42), where the plants of both hybrid populations resemble the male parent.

The inheritance of the majority of morphological traits is identical in both 
crossing directions. Interspecific hybrids in the genera Digitalis, Oenothera and 
Epilobium, however, differ in the reciprocal crosses. In both crossing directions, 
the offspring of the Digitalis purpurea x D. ambigua combination frequently 
resemble the female parent, so the inheritance is matroclinal. The Ft plants of 
the cross Epilobium luteum x E. hirsutum are bushy, prostrate and broad-leaved, 
with very fertile flowers. In the reciprocal cross, however, the plants are pyramid- 
ical, erect and narrow-leaved, with small sterile flowers. It has been suggested 
that this phenomenon may be due to cytoplasm differences between the parents.

In some interspecific crosses (Nicotiana, Saccharum, Solanum, Raphanus, 
Brassica, Fragaria, Zea) the situation is complicated by the fact that non­
reduced gametes are also formed. If, by any chance, these take part in pollina­
tion, the Fi hybrids produced will have a chromosome number which includes 
an extra haploid set of male chromosomes. These are referred to as ses- 
quidiploids if the original parental species were diploids. In addition to plants 
with 36 chromosomes, individuals with 48 chromosomes are also found in the 
progeny of Solanum tuberosum (2m = 48) x 5. chacoense (2m = 24), while all the 
offsprings from the cross S. phureja (2n = 24) x 5. tuberosum (2n = 48) have 48 
chromosomes; these originate from a combination of the non-reduced male or 
female gametes of diploid parents (Prakken-Swaminathan, 1952). In a 
similar manner, in the Fx of Brassica oleracea (2m=18)x Raphanus sativus 
(2n = 18), plants containing 27 chromosomes were obtained as well as those with 
18 chromosomes, while in the first generation of the cross Brassica campestris 
(2n = 20) x Raphanus sativus (2m =18), all the plants had 28 chromosomes. 
Among the 55-chromosome individuals arising from a cross between Saccharum 
officinarum (2m = 80) and S. narenga (2m = 30), Fj plants with 95 chromosomes 
were also observed (Raghavan, 1952). In the interspecific cross Fragaria vesca 
(2n= 14) x F. moschata (2m = 42) plants with 28 chromosomes were rarely ob­
tained. The appearance of individuals with 35 chromosomes was more frequent. 
These arose due to the fertilisation of non-reduced vesca gametes (Schiemann,

The phenotype of the sesquidiploids often differs from that of the diploids. 
The hybrid of diploid Zea mays (2m = 20) x Euchlaena perennis (2m = 40) resem­
bles Euchlaena, while those originating from tetrapioid Zea mays 
(2n = 40) x Euchlaena (2m = 40) are intermediate and resemble the hybrids of 
diploid Zea mays (2m = 20) and Euchlaena mexicana (2m = 20) (Emerson- 
Beadle, 1930).
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Cultivated tuberous begonia hybrids (Begonia x tuberhybrida) can be divided 
into various groups depending on their chromosome numbers and morphologi­
cal characters (Table 25). Varieties belonging to the Pendula group are diploids 
(2n = 28) while the members of the Multiflora group are di-, tn- or tetrapioids. 
Multiflora maxima, and in general the large-flowered begonia varieties are 
tetrapioids. The chromosome number of the diploids fluctuates between 27 and 
28, that of the triploids between 41 and 42, and the somatic chromosome 
number of the tetrapioid varieties between 52 and 56.

Table 25.
Connection between morphology and chromosome number as reflected in 

the chromosome number of begonia cultivars (Kuckuck, 197 )

Group

No. of cultivars

To
ta

l

diploid triploid tetrapioid

27 28 41 42 52 53 54 55 56

Pendula type
Small flowered multiflora 
Medium flowered 
multiflora type 
Bertinii type
Large flowered single type 
Double type

7
2 7 2 7

1

15 11
2 2 2

1
2 4 1

1 3 2 13

7
26

6

2
7

19

Total 2 14 2 8 4 2 14 3 18

Grand total 16 10 41 67

When studying the inheritance of certain morphological traits it could be 
observed that the darker leaf colour of the wheat variety B 1201 (T. aestivum) 
for example, and the purple auricula and hgula coloration of the variety F 48 
were dominant in crosses with ssp. dicoccum and ssp. carthlicum. The awnedne 
of the ears, on the other hand, proved to be a recessive character, if not to such 
a pronounced extent, in crosses between awnless varieties of T. aestivum (For­
tunato and San Pastore) and the awned variety of conv. durum Arnaut de 
Studina A large proportion of plants in the first generation had a short beak, 
while only a few plants were awned. In awnless wheats the formation of the awns 
is depressed by one or more inhibiting factors. Aegilops species belonging to the 
Pleinothera section have long awns. If these species are crossed wi h awnless 
wheat, there are long awns on the flower glumes of the top spikelets of the 
hybrids, but not on the cover glumes.

In a similar manner, the dominant traits of the two parents could be observed 
in the combinations T. turgidum conv. durum x T. timopheevii, T. timopheevii x 
ssp. dicoccum and T. timopheevii x T. monococcum^. 30), when the hairiness 
of the spikelets inherited from T. timopheevii was dominant, as was the darker
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F,

Fig. 30. Spikelet forms of the Triticum timopheeviix T. monococcum Ft hybrid and the parental 
species (Belea, 1976)

leaf colour of conv. durum in the first cross, the waxiness of stalk and leaves of 
ssp. dicoccum in the second and the ear shape of T. monococcum in the third. 
The dominantly inherited morphological traits of the parents can be observed 
in the same Fj plants in the crosses ssp. dicoccum x T. aestivum, ssp. carth­
licum x T. monococcum, etc. In these combinations the waxiness of ssp. dicoc­
cum, the leaf downiness and glume awnedness of ssp. carthlicum, and the closely 
knit glumes (ear compactness = D value), rachis fragility and hard-to-thresh ears 
of T. monococcum are all to be found in the plants of the first generation. It can 
also be observed in these combinations that the outward appearance of the F, 
plants is closer to that of T. timopheevii or T. monococcum than to that of the 
other partner (Table 26). Some morphological traits, such as hairiness, are 
dominantly inherited regardless of the crossing direction.

When crossing cauliflower (Brassica oleracea conv. botrytis) with other 
brassicas, Werner-Honma (1980) found that the vertical leaf arrangement of 
cauliflower was inherited dominantly irrespective of the sowing time (summer 
or winter plants). The additive gene effect was more pronounced in autumn 
sowings, however.

Other morphological traits, on the other hand, are manifested differently 
depending on the parental species used. In one cross a certain morphological
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trait may be dominant, while in another cross the same character may be 
recessive. In interspecific crosses of wheat, for example, the fragile rachis of ssp. 
dicoccum and ssp. dicoccoides is inherited dominantly compared to the steady 
rachis of conv. durum and T. aestivum, but is recessive in the cross Aegilops 
caudata* ssp. dicoccum.

For certain characters, well defined groups can be set up into which the 
various individuals can be divided, for instance on the basis of red or white tuber 
or flower colour. Other characters, such as plant height, tuber size, the pigment 
content of spice peppers, etc. can only be grouped artificially and it is impossible 
to put one genotype in one group. This is because these characters are generally 
regulated by several genes in interaction with the environment. Despite the fact 
that the alleles of the genes taking part in the formation of these characters obey 
the laws of heredity when being transferred to the progeny, the course of 
inheritance cannot be followed in most cases. If the number of genes is not too 
great, it may be possible to self-pollinate a large number of F2s and trace back 
the genotypes of the various F2 individuals from the characters of their progeny. 
This will then disclose the course of heredity for the character in question. This 
procedure is a good way of eliminating the disturbing effect of the environment 
and can be used to give an approximate idea of the degree of heterozygosity in 
the parents and the relative value of their genotypes. If a relatively large number 
of genes determine the character, the only way to estimate the number of freely 
combining genes, the average relative effect of the alleles of the individual genes 
(dominance) and the interaction of the alleles of different genes (epistasis), as 
well as their interaction with the environment, is to apply more complex biomet­
rical methods.

3.4.5 Luxuriance and depression

It is a general phenomenon in the F, plants of interspecific and intergeneric 
crosses that some or all of their organs develop more intensively than those of 
the parents. This is usually a question of enhanced vegetative growth, referred 
to as luxuriance. The leaves are larger and flower development is also more 
abundant. Gigantic growth was already experienced by the well-known Ameri­
can breeder Burbank (1914) in the Ft of the interspecific crosses Junglans 
nigra x J. californica and J. regia x J. nigra. According to Karpechenko (1928) 
the first generations of Raphanus sativus x Brassica oleracea also developed 
more intensively, the plants growing to a height of 2.5 m and producing an 
abundance of flowers, although the parents only measured 70-90 cm in height. 
Similarly intense growth was reported by Renner (1929) in interspecific hybrids 
of Nicotiana. In addition to their more intense growth, luxuriant plants often 
developed more rapidly and matured earlier, only rarely having a longer vegeta­
tion period. Such luxuriance was observed by Wettstein (1933) in the Fj of 
Populus species hybrids, where the plants again surpassed the parent species in 
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plant height and in the excessive growth observed in various phases of develop- 

'^Tess frequently, all or some of the organs of the Fx plants are found to be 
dwarf or poorly developed. The viability of such plants is also unsatisfactory, 
as observed in several hybrids of Gramineae, Gossypium (Brown-Menzel, 
1952) Nicotiana (Kehr, 1951), Epilobium (Renner, 1929), Fragaria, etc. The 
majority of these plants die off at an early stage and can only be raised using 
special cultivation techniques.

In interspecific crosses of wheat (Triticum), too, plant height sometimes 
exhibits genetic**,  and more often economic*  luxuriance; this represents the 
highest value of the heritability index. The greatest extent of luxuriance for plant 
height can be observed in tri- and pentapioid hybrids, such as ssp. carthlicum 
Gn = 2^><T. monococcum (2n = 14), T. timopheevii (2n = 28)x E monococcum 
2«=14, T. turgidum (2n = 2^^T. aestivum (2n = 42) or T.timopheevii 
2m = 28 x T. aestivum (2n = 42) (Belea, 1964). This is graphically illustrated in 

Fig. 31, which depicts the percentage deviation of the Fj hybrids from the mean 
value (100%)***  of the two parents. Depression, i.e. a value lower than the 
average of the two parents, was primarily observed in the Ft hybrids of di­
ploid x hexapioid crosses (T. aestivum x T. monococcum, ssp. spelta x T mono­
coccum) Similar observations were made by Guttenmacher (1960), Hmelev

* economic luxuriance = a value greater than that of the parent with the higher value.
** genetic luxuriance = a value greater than the average of the two parents.

*** the standard curve of the graph (100%) indicates the genetic luxuriance.

4 = pentapioid
Fia. 31. Percentage deviation from the mean value (100%) of the two parents for quantitative 

characters of interspecific Triticum hybrids in the Fl (Belea, 1964)
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(1952), Lelley (1953), Schiemann-Staudt (1958), etc. Starzyczki-Was 
(I960) found the plant height of the first generation to be intermediate.

Productive tillering (the number of shoots per plant which produce ears) and 
plant height had approximately the same values in tri- (2x x 4x) and pentapioid 
(4x x 6x) hybrids, and in interspecific crosses within the tetrapioid series, though 
the number of ears per plant is more strongly influenced by external climatic 
factors than other quantitative characters (Table 27).

3.5 Morphology of the F2 and later generations

In the F2 generations of interspecific and intergeneric hybrids the plants exhibit 
various types of segregation as regards morphological traits depending on the 
parental species. When crossing parental species differing in a large number of 
traits, hybrid derivatives with extremely varied phenotypes are reported in the 
literature (Percival, 1948; Kaniewski, 1948; Bell et aL, 1955, etc.).

As the degree of relationship becomes less close, so the appearance of forms, 
shapes and even species differing completely from the parents becomes more 
frequent, a fact which may be of great significance from the point of view of 
evolution.

If parents with homologous genomes are crossed and the first generation is 
completely fertile, the segregation is virtually the same as that obtained for the 
F2 hybrids of intervarietal crosses. In the combinations T. turgidum conv. durum 
(n = 14) x conv. polonicum (n= 14), Avena fatua (« = 21) x A. aestiva (» = 21) and 
Vitis vinifera (n = 19) x V. riparia (n = 19), for instance, the chromosomes divide 
normally and there is nothing to prevent regular Mendelian segregation. In 
many cases, mono- or dihybrid segregation occurs in the F2 for certain traits. 
In the F2 of Triticum aestivum x ssp. spelta, the phenotype of the ears segregates 
into 3 spelta : 1 aestivum or 1 spelta : 2 intermediate : 1 aestivum types. In 1901 
a brief, though interesting paper was published by Spillman on the inheritance 
of characters in wheat hybrids. Although no exact data seem to be available on 
the inheritance of ear length in compactum-aestivum crosses, in crosses between 
spelta and compactum the ear length and the structure of the spikelets were 
reported as being each controlled by a single gene. The F2 is reported as splitting 
according to the ratio 1 : 2 : 1. (T. spelta, T. aestivum and T. compactum all have 
42 chromosomes as the diploid number.) In the combination Nicotiana langs- 
dorfii x N. alata the colour of the inflorescence segregated to 3 yellow-green : 1 
white types; in the cross Vitis vinifera x V. riparia the change in leaf colour in 
the autumn segregated to 3 red : 1 yellow types, while in V. vinifera x V. rupestris 
this character showed a segregation of 1 red : 2 slightly red : 1 yellow types, 
though branching and the arrangement of the growing tip exhibited dihybrid 
segregation.

When the parents differ from each other with respect to a large number of 
morphological traits, segregation is extremely varied and can hardly be fath-
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omed on the basis of the Mendelian laws. If for any purpose a large number 
of F2 hybrid plants are raised, hardly any two of the population are alike, the 
plants ranging from the more frequent intermediates to the rarer or completely 
missing parental types, as observed, for example, in crosses of Dianthus, Antir­
rhinum, etc. This phenomenon is of great importance for practical breeders, since 
it gives rise to numerous new types, combinations and transgressions (Triticum, 
Nicotiana, Brassica, etc.).

In interspecific hybrids of wheat, too, the appearance in the F2 of segregation 
types quite different from the parents or the intermediates is extremely frequent 
even if the species crosses have identical numbers of chromosomes, and es­
pecially if they have different genomes. In the second generation of the ssp. 
carthlicum (AB) x T. timopheevii (AG) cross, for instance, plants with ears which 
are branching, compact, or thin like those of two-row barley are to be found, 
as are those with compact ears with awned glumes like those of ssp. carthlicum, 
or with ears reminiscent of T. timopheevii, which again have awned glumes; 
plants with twin or branched ears (T. turgidum n. mirabile) can also be observed. 
In the F2 of this combination, the Khi2 value (7.28) calculated on the basis of 
the 3 : 1 segregation ratio for the stalk, leaf and auricula hairiness of T. timo­
pheevii and the leaf downiness of ssp. carthlicum was greater than the 3.84 value 
of Khi2 given in the table at the P = 5% level of significance. Of the 1030 F2 
individuals, 28.7% were haired. These plants exhibited the downiness of ssp. 
carthlicum, a character which was retained in later generations.

In this crossing direction these two morphological traits did not follow the 
3: 1 course of inheritance at the P = 5% level of significance. The intense 
hairiness of T. timopheevii could be observed on 29.3% of the 71.3% F2 plants 
with hairy leaves. 42% of the hybrids were less hairy than the parent in question.

In the reciprocal cross the segregation ratio for leaf and auricula hairiness was 
3.15: 1 (Khi2 = 3.31; P = 5%). In this crossing direction the calculated Khi2 
value was within the P = 5% limit, so a segregation ratio of 3:1 could be 
accepted.

Among the varied forms found in the F2 of conv. durum x T. timopheevii, 
types similar to the species T. monococcum and ssp. carthlicum segregated out. 
Extremely varied forms were observed in the F2 and later generations of T. 
timopheevii x ssp dicoccum and ssp. carhlicum x ssp. dicoccum. In the F3 genera­
tion, individuals with the ear type of conv. durum var. leucomelan, which have 
the dicoccum fragility, those of the compact T. aestivum var. nigroturcicum type 
and of others resembling the ear type of ssp. dicoccum frequently appeared.

The F2 segregation is considerably more complicated if crosses are made 
between species with different numbers of chromosomes. In the cross ssp. spelta 
(2n = 42, ABD) x ssp. carthlicum (2n = 28, AB), plants with compact ears remi­
niscent of ssp. dicoccum, others with the loose or squarehead ears (loose in the 
lower part and compact above) characteristic of countless T. aestivum varieties 
and, with greater or less frequency, distorted forms all segregated. In addition, 
constant aestivum-type plants could be found, corresponding in all respects

108



(morphological, genetic, cytological, immunological, etc.) to cultivated wheat, 
which, when crossed with the latter, gave seed setting similar to that obtained 
in variety crosses and produced completely fertile progeny (Belea, 1964, 1971). 
These data bear evolutionary importance. They can be used to prove that 
common wheat (T. aestivum) could have originated polyphyletica ly, rather 
than monophyletically. Pyramidical, awnless ears, becoming suddenly pointed 
at the top are also to be found, while in crosses between ssp. dicoccum and 1. 
aestivum. speltoid types arise, and in the trigeneric F2 generation of this com­
bination with T. monococcum some of the spikelets are completely open 
(Fie. 32). Dicoccum-aestivum crosses made by the same investigator likewise 
save a 1 : 2 : 1 ratio for the inheritance of ear length, with dicoccum segregants 
having a diploid chromosome number of 28. The fact that the results of awn 
inheritance are an awnless Fj and a 3:1 awnless-awned ratio in the F2 was first 
determined by Biffen (1905) and has since been repeatedly confirmed by the 
work of some fourteen investigators. In the T. aestivum* ssp. carthlicum com­
bination in addition to awnless ears, compound ears of the ssp. vavilovii type 
also appear. The long, extended glumes can also be regarded as types which are 
quite different from these parents.

Fig. 32. Spikelet forms of the F1 and F2 of the trigeneric combination (Triticum aestivum x ssp. 
dicoccum) x T. monococcum and of the parental species (Belea, 1976)

109



In the F2 and F3 generations of the crosses conv. polonicum * T. aestivum and 
ssp. sphaerococcum x conv. durum, polonicoid, speltoid, vavilovoid and square­
head ear types were observed. In the latter combination the largest proportion 
of plants (72.2%) had turanicum glumes, but were sterile. The remainder of the 
segregating forms resembled one of the two parents or were intermediate. In this 
combination 8.9% of the ears were awnless, despite the fact that both parental 
species were awned. In addition to the types mentioned, a small number of 
hexapioids with the awned glumes characteristic of ssp. carthlicum also seg­
regated, as did a few plants with the grain shape of conv. polonicum and others 
with the dicoccum fragility and glume fitting.

Exact investigations into the inheritance of brown glume colour were first 
carried out by Nilsson-Ehle in 1908, the F2 ratio usually being found to be 
3:1, though it was sometimes 15 : 1. Similarly, Love-Craig (1919) found a 
15:1 ratio between a brown aestivum and a yellow durum, thus indicating the 
presence of two genes for brown glume colour.

In the F3 generation, aestivum, plants with awned glumes, the fragility or 
spikelet arrangement of spelta or dicoccum, or with long-shouldered and beaked 
glumes again segregated from the above combination. In the F3 of ssp. sphaero­
coccum x T. aestivum, 29.5% of the plants had the round grains of the female 
parent, while 60% of the population possessed the grain and glume forms of the 
male species.

Almost the whole series of varieties described by Kornicke (1885) and Mans- 
feld (1951) can be found in the course of segregation in interspecific crosses of 
wheat. By contrast it is interesting to note that in the F2 and F3 generations of 
T. monococcum x ssp. carthlicum, hardly any segregation types are to be ob­
served, the vast majority of the plants being the intermediate type characteristic 
of the Fp

In the crosses Triticum aestivum x Secale cereale, Nicotiana tabacum 
(« = 24)xA. silvestris (n=12) and Helianthus tuberosus (n — SV^H. annuus 
(n=17) extremely varied types, quite different from the parents were again 
found to segregate. In such cases the chromosomes pair in different manners 
during the reductional cell division in the Fj plants. Depending on the extent 
of genome or chromosome homology, the genomes taking part in cell division 
in the gametes may be complete, but they may also be hypoploid, if certain 
chromosomes are missing, or hyperploid, if they contain extra chromosomes. 
Thus, in addition to the euploid, normally functioning gametes, a considerable 
number of aneuploid gametes are produced, which only function weakly, if at 
all. As a result of this, a substantial proportion of the male and female gametes 
do not take part in the formation of the progeny.

Gamete selection and zygote elimination (failure of zygotes to be produced), 
resulting due to the unviable pollen cells and the inability of the embryo sacs 
to develop, primarily affect cells with too few or too many chromosomes. The 
euploid cells survive. This leads to the intensive elimination of intermediate 
types and other aneuploid forms in the F2 and later generations and the
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predominance in the population of euploid plants having the same chromosome 

nwbhxxp^^

ratio in the F and later

^Uwouldbeof^f^^

changed, new gene “nnectm^ l0 J,b,.
and forms may seg^g^ crosses, because they facilitate the

STinZ^
Sete^rpaS homology between the combmed genomes of the two 

Tthi Se of extremely sterile -terspe* and m^^^

—

and later genera^ 
wirt the similar values in F, hybrids it has been found that the luxuriant in 
wheal plant height, for example. 17“^ and 29). Produc-

~.Xi^ - • “ “

positive correlations were genera y^ of spikelets per ear and the ear
spikelets per ear and the ea I . elume length and the plant
compactness (D value), the gram '^h ;'nd between ear
height and the product™i *nng (Table W sjnce the vast
length and D vatue: w< , uble are different combinations of T.
Hmopheevii and ^'dicoccum, where the relatively short but compact ear (D 
wdue) of the parental species is also expressed in the progeny.
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4 Sterility, fertility and cytology of interspecific 
and intergeneric hybrids

Even before the time of Mendel, during
was common knowledge that interspeci , sterile, producing no yield

fertile, while the individuals of puic p § .g nQt decisjve in determining 
perfect or imperfect st[^ male and female organs does not
the nature of an organism. The 7 while fertdity js not always indicative 
necessarily indicate that they ar ,the Mendel produced two
of pure origin. Lewis (1961) repo . ne of which was sterile,
different specimens of H. auricula*^ aurantianum, on
while the other produced a single sterility is the fact that distur-

In the majority of cases the re rpdlicl;onai cell division, in the develop- 
bances arise especially in the course o ) external development. These
ment of the cell nucleus in flowers with biochemical causes,
disturbances can be attributed to gene ^p^ ^perature? moisture, humid- 
quite independently£^i™^ the literature in this connection.
,ly. etc.). Counties examples re to ^“‘‘(XsPEEP-AvEav, 1939). cotton 
In the case of maize (Clar , L _ 1936. cabbage (Attia-Munger,
(Beasley-Brown, 1942) peas ’ arise which influence the distribu-

“ prod““ ’n

concluded that hybnds "d^S
limited number of pollen gra . origin. They frequently produce
normal seeds in their fruits an p> P related biotypes this weakening
neither pollen nor seeds. With hybrids o nea > The flowers of
of the capacity for sexual as a rul, Fertility
infertile or barely fertile hybrids rema probability
must be restored if the novel 'st not on“ df its physical isolation 
of a new lineage establishing Itself is isolation, because if hybridisation
^osXa’Xrity element may be -hybridrsed" out of existence, since a 
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larger proportion of its progeny will be hybrids than will those of a majority 
element, such as one of the parental taxa (Lewis, 1961).

Mention is also made in the literature of the fact that the zygote elimination 
arising in fully developed plants, and factors inhibiting normal chromosome 
pairing (genes inducing asynapsis) may also cause pollen anomalies, as a conse­
quence of which the plants will be sterile. Disturbances in reductional cell 
division may also be caused by genetic factors (differences in chromosome 
number or genome quality). A more detailed discussion of these will be present­
ed below.

Sterility may also arise in interspecific and intergeneric hybrids if only part 
of the viable embryo sac is fertilised. It has been suggested that the alien pollen 
may induce the metabolic processes to proceed too rapidly or too slowly and 
that this may be the cause of sterility.

4.1 Pollen sterility and fertility

For the reasons described above, the pollen mother cell in normally developed 
flowers develops irregularly and produces inviable (sterile) pollen. It is worth 
noting that even hereditarily well-balanced species, or even varieties, do not 
produce 100% viable (fertile) pollen, despite the fact that they are normally 
fertilised. As can be seen from Table 31, cultivar B 1201 of common wheat 
(T. aestivum) only produces 74.4% fertile pollen suitable for pollination The 
anthers dehisce if they contain more than 30% fertile pollen. The swelling of 
these pollen grains causes the anthers to burst open. Regularly shaped pollen 
grains which stain well with carmine acetic acid are regarded as fertile.

The ratio of fertile to sterile pollen also depends on which species is used as 
pollinator. It often happens that the development of the endosperm ceases 8-10 
days after the growth of the pollen tube and the embryo dies for lack of 
nutrients. In other cases, plants developing from shrivelled grain die off shortly 
prior to full development due to late-acting lethality.

Table 31.
Pollen fertility of Triticum L. species

Triticum species No. of plants 
tested

Fertile pollen

Deviation Mean %
T. monococcum 20 62.09-98.50 89 3ssp. dicoccum 15 81.40-93.42 86 9ssp. carthlicum 23 69.08-95.33 85 9T. timopheevii 34 57.35-92.74 80 7T. turgidum 18 53.40-89.62 78 6T. aestivum (B. 1201) 25 58.00-90.59 74 4T. aestivum (F 481) 18 68.62-82.27 78 7T. aestivum (Bezostaya 1) 10 74.85-89.63 81.6
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Differences in pollen fertility may be observed from one ear or flower to 
another, or even within the same ear or inflorescence. Similar plants may 
produce anthers containing pollen with different degrees of ferti i y.
P Pollen sterility is still more conspicuous when the plant species crossed are 
only distantly related to each other. In wheat, for example, the pollen of the first 
generation in various combinations involving T. monococcum is almost com­
pletely sterile (Table 32). Since the anthers do not dehisce, plants which are 
incapable of self-fertilisation are easily recognised during the flowering period. 
As the flowers are not fertilised, they remain open for a long time In the same 
manner, a high degree of pollen sterility is experienced in the first generation

Table 32.
Pollen fertility and sterility in the first generation of interspecific Triticum hybrids

r_______________—--------------------- - Percentage of
No. of 
pollenCombination

No. of 
plants

Fertile sterile fertile
grains poll en

T. timopheevii* 9 680 0.0-1.3 99.4 0.6
T. monococcum
ssp. carthlicum x 
T. monococcum 8 464 0.0-2.4 99.0 1.0

T. timopheevii*
22 9431 0.0-10.7 94.5 5.1

ssp. carthlicum 
reciprocal

T. timopheevii x conv. durum
8

25
12

3013
8790
4310

0.0-8.9
1.2-8.8
0.0-7.2

96.8
96.3
97.7

3.2
3.7
2.3

reciprocal
T. timopheevii x ssp. dicoccum 14 5012 0.0-1.9 99.2 0.8

ssp. carthlicum * 
ssp. dicoccum (‘Khapli’) 9 3122 20.9-65.1 55.4 44.6

ssp. carthlicum x
ssp. dicoccum (‘Vernal’) 21 7761 41.2-98.7 14.4 85.6

tetrapioid x diploid
99.2 0.8
99 0 1.0

diploid x tetrapioid 96 8 3.2
T. timopheevii x tetrapioid 97 3 2.7
tetrapioid x T. timopheevii 34 9 65.1
tetrapioid x tetrapioid

T. aestivum x T. timopheevii 22
21

8328
7873

0.2-15.1
0.0-3.8

97.9
98.6

1.2
1.4

reciprocal
T. aestivum x ssp. carthlicum 

reciprocal
15
12
11

4672
3444
4075

52.4-97.3
37.1-89.1
43.7-95.1

17.9
34.9
14.0

82.1
65.5
86.0

T. aestivum x ssp. dicoccum
9 3048 18.6-83.4 30.3 69.7

reciprocal
T. turgidum x T. aestivum (‘B 1201') 16

14
5610
5226

5.2-60.3
48.1-92.7

73.2
29.8

26.8
70.2

reciprocal
T. turgidum* T. uc^niim

10 3114 61.6-99.2 14.2 85.8
(‘Mp 706 ) 
reciprocal 11 5237 47.6-58.7 64.3 35.7

hexapioid x tetrapioid 
telraploid x hexapioid

31.5
38.2

68.5
61.2
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Table 33.
Pollen and seed fertility of the F, hybrid and amphiploid of Solanum indicum x S’, melongena 

(Prakken-Swaminathan, 1952)

Combination
Seed fertility

Pollen fertility
Deviation Mean

Solanum indicum 33-61 44.7 ±5.9 98.3 ±2.45
Solanum melongena 845-2209 1380.0± 28.9 96.9 ±0.05
S. indicum x S. melongena F, 14-16 29.9±5.5 41.5± 1.80
amphiploid no seeds 

। 35.05

of crosses involving T. timopheevii. By contrast, ssp. carthlicum x dicoccum 
proved to be fully fertile in practice, as did various combinations of T. aestivum, 
especially if it was crossed with species having the same number of chro­
mosomes. Differences are also found between cultivars, depending on which 
cultivars are used in the crosses. When the wheat cultivar B 1201 was crossed 
with T. turgidum, for instance, there was 26.8% fertile pollen in the Fx, while 
this figure was 85.8% when the cultivar Mp 706 was used.

In pentapioid (2n = 35) hybrids originating from interspecific crosses of 
wheat, there is a greater degree of pollen sterility if the species with the higher 
chromosome number is used as the female parent (41.3%). In this crossing 
direction, as mentioned above, the seed setting is also lower, but germination 
is better. In the reciprocal cross, however, there was a slight reduction in pollen 
sterility (33.5%).

Considerable deviations in pollen sterility are also experienced between the 
individual Ft plants of the same combination (Table 32). In the T. timophe­
evii x T. aestivum cross, for example, the percentage of viable pollen formed in 
various individuals of the first generation fluctuated from 0.2-15.1%. Even 
greater variation can be observed in the F2 and F3 generations. Types segregat­
ing in the second generation of this cross contained 0-93% fertile pollen. In this 
way, it is possible, even in early generations, to select plants producing a 
relatively large quantity of viable pollen, despite the fact that species hybrid are 
characterised by a high degree of pollen sterility. The extent to which flowers 
become fertilised in these plants is substantially better than average. The pollen 
fertility of Fj hybrids of Solanum indicum x S. melongena was 41.5%, while that 
of the amphiploids was 35.05% (Table 33).

4.2 Fertility and cytology of Ft hybrids

4.2.1 Genome homology

As was mentioned previously, it is possible to cross species with different 
chromosome numbers and to raise viable progeny generations from them. In 
the same way, it is possible to combine species in which the quality of the 
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genomes differs During the development of the embryo and endosperm it 
would seem that differences in the quality of the ^ojnosomes plays an^ven 
greater role than differences in their quantity, a fact which is of primary 
importance in interspecific and intergeneric crosses. The genome complexes 
formed cause developmental anomalies if they are not homologous with the 
genomes of the maternal ovary tissue. This phenomenon can be traced very

only homologous — or 
chromosome sections can pair and mutually exchange material i.e only 
chromosomes in which the individual genes are located in a s™lar 
the chromosomes of a male chromosome set or genome are homo ' 
those of the female, all the parental chromosomes can pair dur ng^ejduchon 
al cell division taking place in the first genera ion. If, h.^ 
even all of the chromosomes of the parental species have different structures 
i e only’certain genes are the same, while others are different, only the homolo- 
gous chromosomes or sections are able to pair. Since the homologous parts of 
the chromosomes themselves consist of homologous and non-homologous sec­
tions so Sat mutual exchange cannot take place, they are referred to as 
semihomologous or homoeologous. It is impossible to determine from the form 
of the paired chromosomes whether they are compietdy homoJogous or oriy 
homoeologous If, however, pairing proceeds abnormally and the two c 
mosomes only conjugate in some of the cells, it can be assumed that pairing is 
homoeologous or semihomologous. If there are serious differences m the gene 
orders of all the parental chromosomes, i.e. there is no homology, pairing does 

^XrTthan halfof all the species of angiosperms, as will be discussed ini detail 
below are polyploid, i.e. they have several genomes. Species which contai 
several identicaTgenomes (AA) are called autopolyploids, as opposed to those 
which contain non-homologous genomes and are known as allopolyploid 
(genome formula = AB). In addition, species exist which contain homoeologous 
genomes (AA1), designated by Stebbins (1947) as segmental allopolyploids. 
Species w th a higher level of ploidy (hexa-, octo-, decaploids, etc.) may have 
genomes"which are completely homologous, homoeologous or non-homolo­

gous.

4.2.2 Allo- and autosyndesis

If both parents contain only one genome, e.g. A and A1, and allchromosomes 
pair it can be assumed that the chromosomes of genomes A and A are 
homologous. If, on the other hand, one or both of the parents have several 
genomes (e.g. AB and A'B1) and only some of the chromosomes pair, it may 
be that the chromosomes of genomes A and B pair with those ol A air , 
but it may also happen that pairing occurs between chromosomes of the A or A 
genomes and those of the Bor B1 genomes. If parents with different genome. 
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are crossed, i.e. chromosomes bearing differing types of inheritance enter the 
hybrid from the two parents due to chromosome pairing, this process is referred 
to as allosyndesis; if, however, pairing takes place between species with the same 
genomes, it is known as autosyndesis. The failure of chromosome pairing to 
take place is called asyndesis.

4.2.3 Chromosome pairing in interspecific and intergeneric hybrids

From a cytological point of view, interspecific hybrids can be divided into 
groups according to their chromosome or genome numbers and quality. Many 
of the species which can be crossed with each other have the same chromosome 
number, but their genomes are not homologous. Another group of hybridisable 
species have different chromosome numbers but identical genome quality (ho­
mologues). Depending on the homology of the genomes and the number of 
chromosomes, chromosome pairing can take place in various ways (Table 34).

1. It is fairly general for the species which are crossed to have the same 
chromosome number and homologous genomes. In this case, all the chro­
mosomes pair, cell division takes place normally and the same number of 
chromosomes will be found in each gamete. In the cross T. turgidum conv. 
polomcum (n= 14; genomes AB) x conv. durum (n = 14; genomes AB), for exam­
ple, as the result of regular cell division, the hybrid has 2n = 28 chromosomes 
forming 14 bivalents (14");  in the cross T. aestivum ssp. spelta(n = 21; genomes 
ABD) x T. aestivum (n = 21; genomes ABD) the hybrid has 2n = 42 chro­
mosomes and forms 21 bivalents in meiosis; the hybrid of Vitis vinifera 
(n= 19) x V. riparia (n= 19) has 2n = 38 chromosomes and forms 1911 (Negrul, 
1930); in Nicotiana paniculata (n — 12) x N. benavidesii (n= 12) the 2n = 24 chro­
mosome hybrid forms 12" (Goodspeed, 1945); while in the first generation of 
Gossypium barbadense (n = 26) x G. tomentosum (n = 26), which has 2n = 52 
chromosomes, the plants form 26".

*

* The Roman numerals in the superscript designate the chromosome connections which may 
arise in the course of reductional cell division: I = univalent, Il = bivalent, III = trivalent, 
IV = quadrivalent etc.

Cytologically these species are closely connected with each other and can be 
regarded as near relations; on the basis of other criteria, however, they are 
mostly treated by taxonomists as separate species. In some genera, however, as 
in the case of Triticum, it may happen that the new classification treats a 
substantial portion of the species as sub-species, for the very reason of the ease 
with which they can be hybridised and the normal course of cell division. Since 
it has been proved that the Aegilops species played a role in the evolution of 
wheat, and are closely related to it, the Aegilops species, which were previously 
classified as an independent genus, have recently been included in the Triticum 
genus and been renamed.
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It also frequently happens that subspecies or cultivars that are classified in 
the same species behave when crossed as if they were independent species. An 
example of this is the Indian cultivar ‘Khapli’, which belongs taxonomically to 
the nudiglume variety of T. turgidum ssp. dicoccum but is difficult to cross even 
at the same polyploid level, anomalous chromosome pairing being observed in 
meiosis. In the cross T. turgidum conv. ispahanicum (n=14; genomes AB) x 
Khapli (n= 14; genomes AB), for example, where the Fj had a chromosome 
number of 2n = 28, the most frequent chromosome pairing during meiosis was 
lln6' or 8" + 11' (Table 35). A high sterility is the consequence of anomalous 
cell division. The extreme genetic isolation of this cultivar is probably caused 
by differences in the cytoplasm.

2. In other pairs of species, the genomes are homologous, but they have 
different chromosome numbers. Crosses are often made between the diploid 
original species and its autotetraploid form (AA x A), when only trivalents 
should by obtained if the homologous chromosomes paired regularly. It is often 
observed however, that in some cells there are only trivalents, but in other cells 
bi- and univalents also occur. This was found by Belea (1976) in a cross between 
diploid T. monococcum (n = l; genome A) and an artificially produced auto­
tetraploid T. monococcum (n= 14; genomes A A), where bi- and univalents were 
discovered in some of the cells. Similar observations were made by other 
authors. In the Ft of Lolium loliaceum (n = 7)* L. rigidum (non-reduced gamete 
with 14 chromosomes), which had a chromosome number of In — 21, only 7 
were formed in some of the cells (Jenkin-Thomas, 1939); in the first generation 
of Fragaria vesca (n=T)* F. orientalis („= 14) in addition to 1-4UI, the most 
frequent chromosome pairing was 7" + 71 (Standt, 1951). The hybrid of Petunia 
hybrida (n=\^^P. axillaris (n = 7) also has 2n = 21 chromosomes, which form 
the expected 7^ .

If diploid or tetrapioid plant species are crossed with species at a higher 
polyploid level, multi-, bi- and univalents are often formed, though in many 
cases only bivalent chromosomes appear in the course of cell division. In such 
cases all the chromosomes of the parental species with the lower chromosome 
number pair allosyndesically with the similar chromosomes of the species at the 
higher polyploid level, while the remaining chromosomes pair with each other 
by means of autosyndesis (Digitalis type).

The first generation of Fragaria vesca (n = T)*F. moschata (w —21) has 
2n = 28 chromosomes and forms 14" (Schiemann, 1951); the 2n = 32 chro­
mosome F j of Prunus domestica (n = 24) x P. cerasifera (n = 8) usually forms 16 
or ^ni + 6-16" + 0-31 (Darlington, 1928); the 2n = 48 chromosome hybrid of 
the cross Solanum demissum (n = 36) x 5. verrucosum (n= 12) forms partly 24" 
and partly 1-6IV+ 1-3*" +9-23"+ 1-71 (Propach, 1938); while the Ft of Agropy­
ron ferganense x A. patagonicus formed 2-221 + 3-13" + 0-2"' (Table 36). Glycine 
max and wild perennial Glycine species were crossed (Newell et al., 1987) in 
390 genotype combinations. Sixteen interspecific hybrids representing 12 
genotype combinations were obtained by embryo culture and grown to matu-
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Table 36.
Chromosome pairing in meiosis in Agropyron ferganense and its Ft hybrids (after Dewey, 1981)

Species and 
combination

No. of 
cells

Chromo- 
some 

number

Metaphase I

Chromosome pairing

I II III IV

A. ferganense 
A. ferganense x
A. spicatum

204

346

14

14

0-2

0-6

0.04

0.87

6-7

3-7

6,98

6.21 0-2 0.09 0-1 0.11
A. ferganense x 
A. libanoticum 185 14 0-8 2.72 3-7 5.45 0-1 0.09 0-1 0.03
A. ferganense x
A. dasystachyum 
A. ferganense x 
A. caninum

174

241

21

21

4-9

2-15

6.74

8.25

4-8

2-8

6.40

5.50

0-2

0-4

0.49

0.56 0-1 0.02
A. ferganense x
A. hystris
A. ferganense x
A. patagonicus

199

204

21

28

5-15

2-22

8.70

12.76

3-8

3-13

6.00

6.89

0-2

0-2

0.10

0.42 0-1 0.05

rity, 7 of them being G. max (2n = 40) x G. tomentella (In = 78), 3 being recipro­
cals of this cross and 2 being G. canescens (2n = 40) x G. max. The Ft hybrids 
differed morphologically according to the genotype combination involved and 
showed varying degrees of anther development, hybrids with wild Glycine as the 
female parent being best in this respect. As expected, the chromosome numbers 
for the G. tomentella and G. canescens hybrids were In = 59 and In = 40, respec­
tively. The Ft hybrids showed low chromosome pairing and abnormal meiosis 
and were sterile.

If, in the course of reductional cell division, only bivalents are formed, the 
chromosomes divide normally and each cell contains the same number of 
chromosomes. If, however, in addition to bivalents, multi- and univalents are 
also formed, the cells will contain differing numbers of chromosomes due to the 
irregular distribution of the chromosomes.

An intermediate stage is represented by those interspecific hybrids which arise 
by means of auto- and allopolyploidy. If the genomes of the species with the 
lower chromosome number are homologues of the genomes of the parent with 
the higher chromosome number, and the remaining genomes of the species with 
the higher chromosome number are homologous with each other, all the chro­
mosomes are able to pair. In this case, chromosome pairing is allosyndesic when 
the chromosomes originate from both parents, and autosyndesic for the residual 
chromosomes of the parent with the higher level of polyploidy.

The hybrid of Helianthus tuberosus (n = 51; genomes AAB)x/7. annuus 
(n- 17; genome B) has 2n = 68 chromosomes and forms 34" (17A(At+ 17BtBa); 
the Ft of the cross Phleum nodosum (n = 1\ genome B) x Ph. pratense (n = 21;
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genomes AAB) has In = 28 chromosomes and forms 14“ (7ApAp + 7BpBn) (Nor- 
DENSKOLD, 1937).

3. It is found extremely frequently that the parental species in the cross have 
more than one completely homologous genome, while the remaining genome(s) 
is/are only homologous in part, if at all. The chromosome numbers of the 
parents may be the same or, as is frequently the case, different. The chro­
mosomes which are homologous with each other pair and divide normally, 
while the non-paired chromosomes remain as univalents. In the course of 
reductional division, the univalents split into two lengthwise during the first and 
second phases of division. In rare cases the univalents divide twice. In many 
instances they do not reach the daughter cells and form micronuclei. This means 
that the cells will have different numbers of chromosomes. Numerous inter­
specific hybrids from the genera Avena (Nishiyama, 1934),Triticum (Belea, 
1976), Brassica (Morinaga, 1929), Gossypium (Skovstad, 1935), Rosa (Tack­
holm, 1922), Chrysanthemum (Shimotomai, 1933), Viola (Clausen, 1931) and 
various grasses belong in this group. In triploid plants of Avena (e.g. A. cana- 
riensis* A. maroccana), too, very few bivalents are formed (Table 37).

In the most general case, all the genomes of the parental species with the lower 
chromosome number are homologous with those of the parent with the higher 
chromosome number. The hybrids form as many bivalents as possible using the 
chromosomes of the species at the lower level of polyploidy (Drosera type).

The 2n = 27 chromosome hybrid of Setaria faberii (h=18; genomes 
AB) x S. italica (n = 9; genome A) forms 9" + 91, while the Fj of Nicotiana rustica 
(n = 24)x N. paniculata (n- 12) has 2n = 36 chromosomes and forms 12n+ 12* 
(Goodspeed et al., 1926). In a similar manner, the 2n = 29 chromosome Fj of 
Brassica napella (n= 19)* B. napa (n=10) forms 10ll + 9l (Morinaga, 1929) 
and the first generation of Gossypium hirsutum (n = 26)xG. thuroeri (n=13), 
which has 2n = 39 chromosomes, forms 13"+ 13' (Webber, 1939).

Belea (1976) observed that although the genome (M) of Aegilops mutica 
was different, in a cross with T. turgidum ssp. carthlicum (n= 14; genomes AB) 
the majority of the 2h = 21 chromosome Fts formed 7n + 7* (Table 38). These 
chromosome pairing data suggest that the M genome of Ae. mutica is homolo-

Table 37.
Chromosome pairing in meiosis in interspecific Avena hybrids (after Leggett, 1980)

Combination
No. of 

cells 
examined

Chromose pairing

I II III IV V VI VII VIII IX

A. postrata* A. canariensis 100 0.43 0.12 1.61 0.02 — 0.07 — — —
Av 939 x A. maroccana 50 0.84 8.02 0.98 1.54 0.14 0.08 — 0.08 0.02
A. prostata* A. maroccana 100 12.72 4.81 1.72 0.08 0.01 0.01 0.01 — —
A. carainensis * A. maroccana
A. canariensis * A. maroccana

150 12.33 2.98 0.84 0.06 0.006 — - — ■ —

Av 2203 200 14.71 2.87 0.15 0.015 0.005 - T - —
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T. turgidum 
ssp. dicoccoides 
ssp. dicoccum 
ssp. palcocolchicum 
conv. durum

T. aestivum 
ssp.spelta 
ssp. macha 
ssp. vavilovii 
ssp. sphaerococcum 

AABBDD

DDMMCUCU 
Ae.juvenaHs

AAAAGG < 
T.zhukovszkyi

Ae.mutica 

— M‘M‘

Ae.speltoides
Ae.longissima
Ae.sharonensis

conv. turanicum
conv. polomcum Timopheevii ssp boeoticum 
conv. ispahanicum ssp. chaldicum Turartu 
ssp. carthlicum AAGG

AABB

1^

C“CUM°M°
Ae. ovata

Ae.umbellulata

CUCU

Ae. squarrosa 
DD

Ae.caudata 
'^CC

DDMM —.. .,
QUQugvgv QDMerMer Ae.ventricosa Ae. cyunarica
Ae.variabilis Aecrassa

CUCUCC 
Ae.triuncialis

CuCuMbMb
Ae. bi un cialis

------------good hybridisability, over 15 % seed setting
------------poor hybridisability, 5-15 % seed setting 
------------very poor hybridisability, 0-5% seed setting 

----------- no hybridisation 0.0 seed setting

Fig. 33. Hybridisability of Aegilops and Triticum species with different chromosome numbers 
and genomes (Belea, 1976)

gous with the B genome of ssp. carthlicum (Fig. 33), since in crosses with 
T. monococcum (A) only univalent chromosomes are found in the 2n=14 
chromosome cells of the Fj hybrid. In the case of T. turgidum conv. polonicum 
(n= 14; genomes AB)x T. monococcum (n = 1; genome A) the most frequent 
configuration was 7“ or 9“ (Table 39). Rings, chromatin bridges and differing 
chromosome numbers in the two daughter cells during anaphase could often be 
observed (Belea, 1976).

In the T. turgidum conv. durum (n = 14; genomes AB) x T. aestivum (n = 21; 
genomes ABD) cross, too, it is a general phenomenon that a number of bivalents 
corresponding to the parent with the lower chromosome number can be found 
in pentapioid (2n=35) hybrids (l^’F?1) while the cells contain 14+ (0-7) 
chromosomes.

If not all the genomes of the parent with the lower chromosome number are 
homologous with those of the parent with the larger chromosome number, there 
will be a correspondingly lower number of bivalents and more univalents 
(Hieracium type).

Among the pentapioid (2n = 35) Aegilops x Triticum hybrids, for instance, 
crosses between Ae. cylindriea (n = 14; genomes CD) or Ae. biuncialis (n = 14;
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Table 38.
Chromosome pairing in meiosis in various triploid and tetrapioid Aegilops x Triticum Fj hybrids

Configuration
Chro­

mosome 
number

Combination

Ae. ovata x 
boeoticum

sp. carthlicum x 
Ae. mutica

Ae. ovata x 
dicoccum

Ae. triuncialis x 
turgidum

No. % No. % No. % No. %

9" + 3' 21 1
8" + 51 21 3
7"+ 7' 21 52
6" + 91 21 15
5"+ ll1 21 2
3" + 15' 21 1
2"+ 17' 21 8
1"+ 19' 21 15
21' 21 9
I1"+ 5"+ 8' 21 1 94.4 1
2"1 + 4" + 7' 21 2
lIV + 6" + 5 21 3
|IV + 5" + 7‘ 21 1 100
l",+ 3"+ 13‘ 22 1 2.8
3"+17’ 23 1 2.8 *

2"+ 23' 27 1 3.4
2" + 25‘ 29 2 6.9
l" + 26‘ ’ 28 6 1
28' 28 20 89.7 15 100

No. of cells 
examined 36 100.0 80 100.0 29 100.0 16 100.0

genomes CuMb) and hexapioid wheat (T. aestivum ssp. vavilovii, n = 21; genomes 
ABD) result in chromosome pairing of 7"+ 21' in the F( (Table 40), which 
means that the cells contain 7 +(0-21) chromosomes.

If, in the parental species, homoeologous genomes are present in addition to 
the completely homologous genomes, the most frequent form of pairing is 
multivalent (chiefly tri- and quadrivalents). The hybrid of Avena harbata 
(n= 14; genomes AB) x A. strigosa (n = l; genome A) usually forms 7n + 7‘, but 
up to as many as 5 trivalent chromosome conjugations may arise due to the 
homoeology of the A and B genomes (Nishiyama, 1934). In the cross 
T. timopheevii (n= 14; genomes AG) x T. aestivum (n = 21; genomes ABD) the 
most frequent chromosome pairing was 10n+ 15* and lni + 9n+ 141 (Table 41).

4. Cases where the parental species only have one or more homoeologous 
genomes and no homologous genomes are also fairly frequent; the chromosome 
numbers may be the same or different. In hybrids the homoeologous connec­
tions only become apparent if there are no genuine homologous connections. 
In general, homoeologous chromosomes only pair loosely, and divide more or 
less normally. If, in addition to bivalents, multi- and univalents also appear, the
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Table 39.
Chromosome pairing in meiosis in the triploid T. turgidum conv. polonicum x T. monococcum F 

hybrid .

Configuration Chromosome 
number

No. %

9" + 31 21 44

8" + 5' 21 11

7" + 7' 21 52

5"+ 11' 21 6

I"1+ 6”+ 6’ 21 8

I1"+ 5"+8' 21 3
32,n + 5"+5' 21

|iv+1ii1 + 4" + 61 21 2

llv+5" + 7' 
lv + 4” + 8'

21
21

8
2 84.8

8"+ 4' 20 1

7"+ 6' 20 2

6"+ 8' 20 4
15"+ 10' 20

I"1+ 6"+ 5' 20 3

1IV + 5" + 6' 20 3
9.1
1.22,v + 3" + 6‘ 

6" + 7'
20
19

1
2

8" + 7'
1iv + 5" + 8' 
18"
20"+ 1"

22
22
36
41

2 
4
1
1

3.7
0.6
0.6

No. of cells exarr ined ________164 100.0

cells will have different chromosome numbers. This group is characterised by 
the fact that various types of chromosomal pairing are possible. The number 
of chromosomes which pair may also vary considerably, depending on the 
species or varieties used as crossing partners.

Emesweller-Jones (1935) observed 811 in 72% of the cells in the first genera­
tion of a cross between Allium cepa (n = ^ originating from Japan and A. 
fistulosum (n = 8). When Levan (1941) produced the same hybrid using a variety 
of European origin, normal pairing was only observed in 2% of the cells due 
to a high degree of abnormality in cell division.

In the Fj of crosses between Aegilops speltoides (n-1; genome S)Me. 
longissima genome S1) and Ae. caudata (n = V, genome Ae um­
bellulata (n = l; genome C") the pairing is again slightly abnormal. In the latter 
combination the 2n = 14 chromosomes formed 3-6“. .

Similar disturbances in chromosome pairing were experienced in the 
Helianthus annuus (m= 17) x H. petiolaris (n= 17) cross. In the first generation 
chromosome rings were observed in metaphase I and chromatid bridges in 
anaphase 1, while the number of bivalents was 7-11.
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Within the tetrapioid level, even greater disturbances are fountI duringI meto-

case of Ae. triuncialis (CuMb) x Ae. biuncialis (C“C) did chromosome pairing 
proceed normally (Table 42).

Ae. longissima

________  qood hybridisability, over 15% seed setting
..................poor hybridisability. 5-15% seed ^hng 
................. very poor hibridisability, 0-5 /o seed setting 
................. no hybridisation. 0.0% seed setting

Fig. 34. Hybridisability of Aegilops and Secale species with different chromosome numbers and 

genomes (Belea, 1 ?76)
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Despite agreement in the chromosome number, anomalies in cell division can 
be observed in other interspecific crosses if there are deviations in genome 
homology. In the Fj of Triticum timopheevii (m=14; genomes AG) x ssp. 
carthhcum (n= 14; genomes AB), for instance, in addition to bivalents the most 
frequent formation was 12"+ 41 or 11" + 61 (Table 35). In this cross there was 
a somewhat higher degree of ear fertilisation than in the combination conv 
“,™ (n- 14; genomes AB) x T. timopheevii (n= 14; genomes AG). Goodspeed 
(1945) found 3 10 in the Fj of Nicotiana corymbosa (n= 12)x w petuniodes 
(«= 12), while Webber (1939) observed 7-13" + 2-121 in the F, of Gossypium 
sanguineum (n = 13) x G. anomalum (n = 13).

Great difficulties are encountered in meiotic cell division if the crossing 
partners have different chromosome numbers, even if one or two genomes are 
o identical quality. In an Fj hybrid of Triticum turgidum ssp. dicoccum (n = 14- 
genomes AB)x T. monococcum genome A), for example, Belea (1976) 
observed chromosome pairing of 0-1 Iv +0-3"' +3-7"+ 6-151; these hybrids 
were also extremely sterile. ’ '

In the meiosis of Ft hybrids of Aegilops caudata (n = 7; genome 
)x T aestivum (m = 21; genomes ABD), too, some of the chromosomes re- 

mained in the form of univalents (71). Pairing only took place between the A 
and B genomes In theory, the appearance of a higher proportion of balanced 
forms if possible through the formation of new types of genomes. In addition 
to the parental types, types AACC, BBCC and DDCC may also occur.

the genomes of the parents are not homologous, pairing can only take place 
it one or both of the parents are polyploid, in which case the chromosomes of 
one of the parents can pair by means of autosyndesis. If the genomes of one of the 
parents are homologues, especially if one of the species is a pure autopolyploid,

Chromosome pairing in meiosis in triploid and tetrapioid Aegilops F, hybrids
Table 42.

Configuration Chromosome 
number

Ae. ovata x Ae. longissima Ae. triuncialis x 
Ae. biuncialis

No. % No. %
2" + 19' 
1" + 22' 
1"+ 19‘ 
211 
14"
13" + 21 
12" + 41 
13"+ 1' 
14"+ 1'
13" + 3* 
12"+ 5'

23
22
21
21
28
28
28
27
29
29
29

1
2
9

11

4.3
8.7

87.0
15
4
3
4
4
3
5

57.9
10.5

31.6
_________No. of cells examined_____ 23 100.0 38 100.0
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Table 43.
Meiotic chromosome pairing in interspecific and intergeneric hybrids in the Hordeae family 

(after Cauderon - Saigna, 1961)

Combination

T

2n

4o. of 
cells 
sxam- 
ined

I

N

Mean

leiotic

II

chrome

Mean

>some

III

>airing

Mean

IV

Mean

A. junceum 
boreo-atlanticum x 
A. elongatum 
A. junceum boreo- 
atlanticum x A repens 
A. junceum 
mediterraneum x 
A. littorale
A. junceum 
mediterranean! x 
A. intermedium 
A. junceum 
mediterraneum x 
A. campestre 
A. campestre x 
A. repens 
A. campestre x 
A. intermedium 
A. intermedium x 
A. littorale 
A. repens x 
H. secalinum 
S. cereale x 
H. intermedium 
H. bulbosum x 
H secalinum 
(Ae. ventricosa x 
ssp. dicoccum) x 
A. intermedium 
(ssp. dicoccum x 
intermedium) x 
(Ae. ventricosa x 
ssp. dicoccum 
(ssp. dicoccum x 
A. intermedium) x 

cereale

21

35

42

42

49

49

49

42

34

28

29

49

63
44

42

100

206

12

47

44

21

28

21

25

50

500

50

500

0-7

5-29

2-16

1-13

4-10

11-24

4-13

1-10

3-15

7-19

19-47

26-34

25-4C

3.40

15.30

9.83

6.80

5.57

17.66

9-14

5.38

8.28

13.58

36.38

28.86

33.78

0-9

3-15

9-14

5-13

13-22

8-19

8-19

6-17

8-16

4-11

0-11

5-9

0-7

4.50

9.70

11.17

8.40

18.75

13.66

14.18

12.24

12.52

7.50

5.43

7.24

3.45

0-7

0-2

1-4

0-8

0-3

0-2

0-5

0-4

0-2

0-1

0-4

1-2

0-2

2.76

0.09

2.17

4.34

1.02

0.38

1.64

1.62

0.40

0.14

0.57

0.22

0.44

0-1

0-1

0-3

0-3

0-3

0-2

0-3

0-4

0-1

0-1

0.08

0.00

0.83

0.98

0.57

0.71

1.32

1.33

0.12

0.00

0.01

0.00

0.00

A. = Agropyron: Ae. = Aegilops; S. = Secale; T. = Triticum; H. = Hordeum

there will be a definite number of bivalents, and cell division will proceed 
normally. The remaining chromosomes will separate at random, which means 
that cells with different chromosome numbers will form.

The hybrid of Zea mays (n = 10) x Tripsacum dactyloides (n = 36) has 2n - 46 
chromosomes and forms 18" (Tripsacum) + 101 (Zea) (Mangelsdorf - Reeves,
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Table 44.
Chromosome pairing in meiosis in F, hybrids of Agropyron, Sitanion and Elymus (after Dewey, 1981)

Combination

C
hr

om
o­

so
m

e 
nu

m
be

r Chromosome pairing

I II III IV V VI

A. libanoticum x A. spicatum 14 0.53 6.71 0.02 —
A. ferganense x A. spicatum 14 0.87 6.21 0.09 0.11 — —
A. ferganense x A. libanoticum 14 2.72 5.45 0.09 0.03 —
A spicatum x A. dasystachyum 21 6.84 6.95 0.08 — — —
A libanoticum x A. dasystachyum 21 6.08 5.96 0.98 0.02 — —
A. spicatum x A. caninum 21 7.66 5.87 0.03 0.38 —
A. ferganense x A. caninum 21 8.25 5.50 0.56 0.01 0.004
A. spicatum x S. hystris 21 7.18 6.84 0.05 — — —
A. libanoticum. x S. hystris 21 8.34 6.03 0.20 — —
A. ferganense x S. hystris 21 8.70 6.00 0.10 — — —
A. spicatum x E. patagonicus 28 5.27 10.75 0.24 0.07 0.01 0.03
A. libanoticum x E. patagonicus 28 14.15 6.68 0.17 — — —
A. ferganense x E. patagonicus 28 12.76 6.89 0.42 0.05 - -

A. = Agropyron; S. = Sitanion; E. = Elymus

1931) . The In = 35 chromosome hybrid of Iris korolkowii (n = 11) x I. macrantha 
(n = 24) forms 12" (I. macrantha) + 11" (I. korolkowii), while the chromosome 
pairing in the first generation of Beta vulgaris (« = 9) x B. trigyna (n = 27), which 
has 2n = 36 chromosomes, is 9in (B. trigyna) + 9' (B. vulgaris) (Bleier, 1936).

Cauderon-Saigna (1961) crossed various species of Agropyron and observed 
the greatest frequency of univalents in the meiosis of the Fj hybrids of Agropy- 
ron campestre* A. repens and A. ferganense x A. caninum (Tables 43 and 44). 
Among the triple hybrids, a high frequency of univalents was found in the 
meiosis of the Fj of the combination Aegilops ventricosa* ssp. dicoc- 
cum x Agropyron intermedium (36 or 381 on average).

As mentioned above, if the genomes of the parent species are only homoeo­
logous, the bivalents are only loosely connected and at higher levels of poly­
ploidy varying quantities of multi- and univalents also appear. In such cases the 
distribution of the chromosomes is irregular and the cells will have different 
chromosome numbers. In the Ft of the cross Aegilops ventricosa (n= 14; 
genomes DMv)xconv. durum (n= 14; genomes AB) the 2n = 28 chromosomes 
form 0-3"+ 22-28' (Katayama, 1931), while this same Aegilops species, when 
pollinated with T. aestivum (n = 21; genomes ABD), gives a 2n = 35 chromosome 
Fj hybrid which most frequently forms 1" + 33' (Table 40). The 2n = 28 chro­
mosomes of Triticum aestivum (n = 21; genomes ABD) x Secale cereale (n = 1; 
genome R) form 0-1111+ 0-3“+ 22-28' (Bleier, 1934). In this case autosyndesis 
occurs between the parental genomes.
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Table 45.
Chromosome pairing in meiosis in Aegilops crassa (T. crassum) * Hordeum vulgare F 

hybrids (after Fedak-Nakamura, 1981)

Genotype
Chromosome pairing No. of cells 

examined
I II III IV

Aegilops crassa x Hordeum vulgare 
Aegilops crassa x Hordeum vulgare 
Average of two hybrid lines 
Aegilops crassa polyhaploid 
Hordeum vulgare haploid 
Total haploids

19.13
17.71
18.62
10.47
6.90

17.37

3.87 
4.56
4.12 
4.81 
0.04 
4.85

0.36
0.37
0.36
0.28

0.28

0.01
0.02 
0.01 
0.02

0.02

230 
130
360 
184 
589 
773

In the meiosis of hybrids of Aegilops crassa x Hordeum vulgare (BOMI), the 
chromosome pairing was roughly equivalent to the polyhaploids of Aegt ops 
crassa (Table 45). In the pentapioid hybrids of Agropyron tsukushiense 
(6x) x Hordeum bulbosum (4x), chromosome conjugation of 4 +27 was tound 
in 12 and 5u + 25‘ in 17 of the 51 cells examined (Shingenobu-Sakamoto, 
1981)'. The percentage chromosome pairing was 23.5 and 33.3%, respectively 
f'Table *16^If no homology or homoeology (semi-homology) whatsoever exists between 
the genomes of the two parents, the chromosomes remain as univalents in the 
course of cell division and the cells will have different chromosome numbers 
(Pygaera type). In the cross Aegilops umbellulata (n- T) * Haynaldia villosa 
ln = l} all the cells of the 2n= 14 chromosome p! contain 14 (v. Berg, 1937). 
Similarly, the 2m = 18 chromosomes of Raphanus sativus (n-^^ Brassica olera-

Table 46.
Chromosome pairing in me.osis in Agropyron tsukushiense (6x) and Hordeum bulbosum (4x) 

hybrids (after Shingenobu-Sakamoto, 1981)

Combination
No. of 

cells 
examined

Chromosome pairing Fre­
quency, 

%I II

Agropyron tsukushiense ST - 1 x 
Hordeum bulbosum HB-7 (2n = 35) 1

1
8

17
12

7
3
1
1

33
31
29
27
25
23
21
19
17

1
2
3
4
5
6
7
8
9

2.0
2.0

15.7
33.3
23.5
13.7

5.8
2.0
2.0

Total 51 100.0
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Table 47.
Chromosome pairing in meiosis (meta-I) in a T. turgidum conv. durum 

(Nordum)x Agropyron distichum F, hybrid (after Pienaar, 1980)

No. 
of cells 

examined

Chromosome pairing in metaphase 1
Chiasma 
frequency

univalent bivalent multivalent

fragment ring complete III IV V VI

200 14.12
(6-26)

3.55 
(0-7)

1.26
(O-4)

4.81 
(1-9)

0.375 
(0-2)

0.75 
(0-2)

0.01 
(0-1)

0.01 
(0-1)

9.17 
(1-14)

cea (n = 9) form 18‘ (Karpechenko, 1928), the 2n = 40 chromosomes of Nico­
tiana bigelovii (n = 24) x N. snaveolens (n = 16) form 401 in the F t (Goodspeed 
et al., 1927), and the 2n = 36 chromosomes in the first generation of Oryza sativa 
(»=12; genome A) xQ. minuta (n = 24; genomes BC) form 361 (Morinaga, 
1940). The meiosis in the Fj of Aegilops triuncialis (m=14; genomes 
CUC) x T. turgidum («= 14; genomes AB) also produced only univalents (281) 
(Table 38).

In the Fx meiosis of T. turgidum conv. durum x Agropyron distichum, Pienaar 
(1980) reported chromosome pairing frequencies of 14.12' + 4.81" + 1.145 mul- 
tivalents (Table 47). Sharma-Gill (1981) used Agropyron species (A. smithii 
and A. ciliare) not previously used for crossing in combinations with T. aes­
tivum and found that the first generations (2n = 35) gave univalent frequencies 
of 33.11' and 26.18' respectively (Table 48).

Chromosome pairing in meiosis in Agropyron* Triticum Fj hybrids (after Sharma-Gill, 1981)
Table 48.

Combination

* nr
om

os
on

u 
nu

m
be

r

N
o.

 of
 c

el
ls

 
ex

am
in

ed

Univalent Bivalent
Chiasma 
frequencymean deviation fragment ring complete

Agropyron
smithii x 26 1 26 0 0 0 o
Triticum aestivum 30 11 27.33 24-30 0.82 0.18 1.0 1.2

31 3 27.67 25-31 1.67 0 1.67 1.7
32 3 29.30 28-30 1.00 0.33 1.33 1.7
34 4 32.00 30-34 0 1.00 1.00 1.7

Agropyron 
ciliare x Triticum

35
36
38

9
1
1

33.11
32
34

24-35 0.44
1
2

0.11
1
0

0.56
2
2

0.7
3
2

aestivum 35 130 26.18 14-35 3.84 0.41 4.29 4.9
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4.2.4 Formation of non-reduced cells

The presence of non-paired chromosomes usually interferes with the normal 
course of reductional cell division. In interspecific hybrids where a large number 
of univalents occur with only a few bivalents, the chromosomes are often 
incapable of moving towards the poles (due to this interference). In such cases, 
instead of two daughter cells, only one cell is often produced in the first phase 
of division, and this contains all the chromosomes, which means that non­
reduced cells are formed (Aegilops x Triticum, Triticum x Secale, Raphanus x 
Brassica hybrids, etc.). In these instances, the nucleus was referred to by Rosen­
berg as a restitution nucleus, while Kihara (1951) and Katayama (1933) 
defined the phenomenon as regression. . .

During the second phase of cell division, the process of division proceeds 
normally, with diads being produced instead of tetrads. A similar phenomenon 
can be observed if the two nuclear spindles merge during the second phase of 
cell division, as is found in the case of Salix (Hakansson, 1929), Galeopsis 
(Muntzing, 1930) and Nicotiana (Brieger, 1928). Another possibility is that, 
during the first phase of cell division, the univalent chromosomes split in half 
lengthways and daughter cells fail to form in the second phase (e.g. Triticum 
turgidum x Haynaldia villosa). It may also happen that both divisions fail to 
occur and tetrapioid giant pollen grains are formed, as observed by Kihara-Li- 
lienfeld (1936) in Aegilops caudata* Ae. speltoides and by Thompson (1940) 
in Lactuca spicata x L. indica. .

Knowledge on the structures participating in meiotic pairing, and in fact on 
the whole process, is still very deficient. In recent years, however, a certain 
amount of progress has been made with respect to the pairing of homologous 
and homoeologous chromosomes. It is a well-known fact that during the 
meiosis of hexapioid (2« = 42) wheat, the pairing of homologous chromosomes 
leads to the formation of 21 bivalents, while in the 21-chromosome haploids the 
formation of one or two, or in rare cases four, bivalents can be observed. Thus, 
in the case of T. aestivum, homoeologous pairing does not take place even if 
there are no homologous chromosomes. Quite independently of each other, 
both Okamoto (1957) and Riley (1958) discovered the fact that the pairing of 
homoeologous chromosomes is inhibited, or influenced, by a gene on the long 
arm (5BL) of chromosome 5B. These authors crossed a mono-5B line of 
T aestivum with other wheat species. On analysing the Ft meiosis they found 
that when the 5B chromosome was missing, there were considerably fewer 
univalents, with a proportionate rise in the frequency of bi- and quadnvalents. 
When chromosome 5B was present, on the other hand, the frequency of uni­
valent chromosomes rose. Riley-Ewart (1960) treated the 5B ditelosomic line 
of Chinese Spring with the mutagen ethyl-methane-sulphonate (EMS) and 
obtained mutants, which were then fixed in the homozygotic state and which 
facilitated homologous pairing in wheat x rye crosses. The mutant allele was 
found to be recessive compared to the normal dominant allele. Feldmann 
(1966) raised the dose of the asynaptic gene on 5BL to six times the original
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strength and found that even the pairing of homologous chromosomes failed 
to take place, though a few homoeologous chromosomes paired. The reason for 
this is that the more intense asynaptic effect of the 5B chromosome (2n = 42) 
causes the chromosomes to move a few micrometres away from each other, as 
the result of which the chromosomes take up random positions during cell 
division. One or two homoeologous chromosomes may thus come together and 
pair. In the Fx meiosis of the cross mono-5B Courtot (ABD-1D) x Aegilops

Chromosome pairing in meiosis in a Triticum aestivum x Aegilops ventricosa Fx hybrid due to 
the effect of chromosome 5B (after Dosba, 1974)

Table 49.

Designation

C
hr

om
o­

so
m

e
nu

m
be

r

N
o.

 of
 c

el
ls

 
ex

am
in

ed

U
ni

va
le

nt Bivalent
Triva- 

lent
Quadri­
valent

Multi­
valentCom­

plete Open Closed

Mono-5B 41 106 1.20 19.90 1.36 18.54
‘Courtot’ 
mono-5B 
‘Courtot’ x Ae.

1-5 18-20 0-5 15-20 — — -

ventricosa 34 200 12.84 6.90 2.78 4.12 1.70 0.50 0.04
5-21 3-11 0-7 0-7 0-6 0-3 0-1

Ae. ventricosa 28 50 0.0 14.00 2.02 11.98 — — —
— — 0-6 8-14

‘Chinese Spring’ 
nulli-5B
tetra-5Dx 14.24 7.16 2.80 4.36 1.22 0.44
Ae. ventricosa 34 50 9-20 3-10 0-6 2-7 0-3 0-2 —

35 147 12.28 6.92 2.98 3.94 1.87 0.77 —
7-19 2-11 0-7 1-7 0-5 0-1 —
0.47 19.19 3.49 15.70 0.24 0.59

‘Chinese Spring’ 
nulli-5B
tetra-5D 42 90 0-3 15-21 0-8 8-19 0-1 0-4 -

ventricosa (» = 14; genomes DMV), too, the presence of chromosome 5B reduced 
the frequency of bivalents. There was a rise in bivalent frequency (7.16") in the 
Ft of Chinese Spring nulli-5B tetra-5Dx Ae. ventricosa. In this case the effect 
of the suppressor gene on chromosome 5BL was counteracted to some extent 
by chromosome 5D (Table 49). Later research proved that, in addition to 5BL, 
factors present on the long or short arms of other chromosomes (2A, 3A, 3D 
and 3B) also inhibited the pairing of homoeologous chromosomes, while genes 
located on other chromosomes (5AL, 5BS, 5DS and especially 5DL) stimulated 
this pairing. Naturally, systems inhibiting or stimulating chromosome pairing 
may occur not only in wheat, but also in other plant species.
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4.2.5 Ability of gametes to function

If normal chromosome pairing and chromosome distribution take place, well 
developed gametes capable of functioning are generally formed. Hybrids ob­
tained from plant species which contain only homologous genomes are often 
iust as fertile as the parents. In the case of hybrids from parents with differing 
chromosome numbers, however, sterile gametes are often
formed in various ways. It can be assumed that the parents of such hybrids differ 
only in small structural changes in certain parts of the chromosomes, which are 
so slight as to allow reductional cell division to proceed normally.

In certain genera of the Gramineae family (Triticum, Aegilops, Hordeum, 
Secale) fertility is generally expressed as number of grams per ear or per 
spikelet The fertility of other plants is determined on the basis of the number 
of seeds found n the berries or gourds. Belea (1964, 1976) obtained sterile F, 

ants in combinations T. aestivum („ = 21, genomes ABD) x T. monococcum 
(n = l genome A), ssp. spelta (n = 21, genomes ABD)x T. monococcum (n-T), 
ssp. carthlicum (n = 14, genomes AB)x T. monococcum (n-T), T U 
(n= 14 genomes AG) x T. monococcum (n = 7) and T. timopheevii (n -14) x ssp. 
wlta (n = 2D Slightly better fertility in terms of number of grains per ear and 
/er spikelet was observed in the first generation of conv. durum (n= 14, genomes 
AB) x T. timopheevii (n= 14) (Table 50). . nlants of

A level of fertility acceptable in practice was found in the Fj plants oi 
T turgidum (n=14, genomes AB)xT. aestivum (n = 21) and ssp. dicoccum 

genomes AB) x T. aestivum („ = 21), and in the reciprocal crosses of 

th Different levels of fertility were also observed in Fj hybrids produced using 
different cultivars of various species. For instance, in the first generation of t e 
cross ssp. dicoccum x T. aestivum the number of grains/ear was 1.5 if cultivar 
B 1201 was used, while this value was as high as 31.9 if the cultivar Fortunato 
was“used, as seen in Table 47. Similarly large differences in fertility were found 
in the Fj plants when the cultivars F 481 (1.4 grains per ear) or B 1201 (0.3 
erains per ear) were crossed with T. monococcum.

A high degree of sterility was observed both within the Aegilops genus and 
in the first generation of Aegilops x Triticum crosses (Fig 35) especially within 
the diploid Aegilops series and in tnploid (2x x 4x) Aegilops hybrids.

Sirfolar results were obtained in crosses between diploid Avena species par­
ticularly for A. prostrata and A. longiglumis, and for other oat species (Fig. 36)

If different numbers of chromosomes are found in the gametes of interspecific 
hybrids not all the gametes will be capable of developing. The fertility of sue 
interspecific hybrids is greatly reduced. The more abnormal the reductional cell 
division, the more likely fertility is to be affected.

In Triticum interspecific hybrids which contain a sma 1 number ofunivalent 
chromosomes in addition to the constant number of bivalents (e.g. 14 + 7 the 
chromosome numbers of the gametes fluctuate between specific limits 
(14 + 0-7). 139
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Aegilops hybrids:

S= sterile: 0 grains/ear
F = weakly fertile; 0-5 grains/ear

F= fertile; over 5 grains/ear
A= amphiploid ; weakly fertile

0-5 grains/ear

A= amphiploid ; over 15 grains/ear 
- = unsuccessful cross

Fig. 35. Fertility of F

Triticum hybrids:

S= sterile; 0 grains/ear
F = weakly fertile; 0-15 grains/ear

F= fertile ; over 15 grains/ear
A= amphiploid ; weakly fertile

0_15 grains/ear
A= amphiploid ; over 15 grains/ear

- = unsuccessful cross

, Triticum, Aegilops and Secale hybrids (Belea, 1976)

If the distribution of the univalents occured at random, an intermediate 
number of univalents would be expected in the gametes (14+ 3, ..5), rather than 
the extreme values (14 + 0 or 14 + 7). In pentapioid Triticum hybrids, Mat­
sumura (1939) and Kihara-Matsumura (1940) found that, although in theory 
the chromosome numbers of the ovum and pollen mother cells may range from
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Table 50.
Fertility in the first generation of interspecific Triticum L. hybrids

Combination
Plant 

number
Grains/ 
plant

Grains/ear

X s sx

T. monococcum x T. timopheevii 
reciprocal

T. monococcum x ssp. carthlicum 
reciprocal

T. aestivum (B1201)x T. monococcum
T. aestivum (F481) x T. monococcum 
ssp. spelta x T. monococcum
T. timopheevii x ssp. carthlicum 

reciprocal
T. timopheevii x ssp. dicoccum 

reciprocal
ssp. carthlicum x ssp. dicoccum
T. aestivum x T. timopheevii 

reciprocal
T. aestivum x ssp. dicoccum 

reciprocal (Bl 201) 
reciprocal (F481)

T. aestivum x conv. durum
T. aestivum x ssp. carthlicum 

reciprocal
T. aestivum x T. turgidum 

reciprocal
ssp. spelta x ssp. carthlicum

14
12
10
45

4
3
3

69
48

136
12

138
30
29

130
25
13
34
75
30
27
20
50

0.0 
0.0 
0.0
1.3
9.0

21.4
0.0

26.6 
33.6

1.8
2.6

625.1
1.2
8.3

318.3
257.3 
628,4 
256.0 
702,7 
556.7
603.0 
372.2 
316.4

0.0
0.0
0.0
0.0
0.3
1.4
0.0
2.6
1.4
0.1
1.4

36.4
0.1
0.7

24.3
15.5
31.9
25.6
29.4
23.1
33.5
28.2
37.3

0.0 
0.0 
0.0 
0.0 
2.8
0.6
1.2
1.3

18.3 
0.0 
0.9
5.3
8.2

10.9
4.9 
6.4 
5.9
6.9 
5.7 
1.9

0.0
0.0
0.0
0.0
0.6
0.2
0.1
0.2
2.3
0.0
0.3
1.1
2.5
2.4
1.9
0.2
0.4
2.1
1.9
°'4

14 to 21, in practice gametes with slightly different chromosome numbers are 
obtained. This is due partly to the lagging of univalents during reductional cell 
division, and partly to the fact that the remaining univalents migrate to the poles 
in groups rather than at random.

Only embryo sacs containing 14 or 21 chromosomes are able to develop, and 
pollen mother cells with 14 or 21 chromosomes are also much more viable than 
those with an intermediate number of chromosomes. Among the euploids, those 
with 21 chromosomes function much more efficiently than those with 14 chro­
mosomes, which contain only the chromosomes of the AB genomes.

If an interspecific hybrid contains only a small, varying number of bivalents 
and a large quantity of univalents, intense fluctuations will occur in the chro­
mosome numbers of the genomes. In general, gametes which contain all the 
chromosomes of a genome are capable of development, while the intermediate 
types die off. In two-genome hybrids, viable gametes occur with a frequency of 
only 0.024% (Kihara, 1938). Non-reduced gametes are also well able to develop. 
In many interspecific and intergeneric hybrids, the gametes are the only cells 
capable of further development.

As mentioned above, there is a close correlation between the dehiscence ot 
the anthers and the ratio of sterile/fertile pollen grains they contain. In the case
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- = crosses attempted and failed
S = sterile

F = fertile
S = amphiploid with moderate to good fertility
S = amphiploid with low fertility (note: some seed-set in prostrata x longiglumis 
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A. byzantina F

Fig. 36. Fertility of hybrids in interspecific Avena crosses (Rajhathy-Thomas, 1974)

of interspecific hybrids in wheat, at least 30% of the pollen must be fertile if the 
pollen grains are to swell sufficiently to split the anthers. Although the majority 
of interspecific hybrids (Triticinae, Nicotiana, Brassica, Gossypium, etc.) are 
pollen sterile, some of the plants have viable embryo sacs. This figure is 0.33% 
on average for Aegilops* Triticum hybrids, 0.08% for Triticum* Haynaldia 
hybrids and 0.06% for Triticum * Secale hybrids.

Several authors have dealt with the correlation between percentage seed 
setting, pollen fertility, the number of univalents and the fertility of the Fj 
hybrids. When carrying out interspecific hybridisation in Triticum, Belea (1964) 
investigated the correlations between seed setting percentage, the pollen fertility 
of the Fj hybrids, the frequency of univalents in reductional cell division and 
the number of grains/ear, and found the greatest positive correlation between 
seed setting and pollen fertility and between seed setting and the fertility of the
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Correlation between certain characters in interspecific Triticum hybrids
Table 51.

Combination
Seed 

setting 
%

Pollen 
fertility 

%

Univalent 
frequency 

%

Grains/ 
ear 
No.

T. timopheevii x T. monococcum 1.9 0.6 100.0 
100.0
78.9
85.7

9.8
12.6 

100.0 
100.0 
100.0 
100.0 
100.0

0.0
0 5

ssp. carthlicum x T. monococcum 
T. timopheevii x ssp. carthlicum

13.1
11.0

1.0
5.1 2.6

0 1T. timopheevii x ssp. dicoccum 17.2 0.8
36.4
29.1

0.1
0.1

19.3
28.6
24.3
28.2

T. timopheevii x ssp. dicoccum (‘Vernal’) 
ssp. carthlicum x ssp. dicoccum (‘Khapli’) 
T. aestivum x T. timopheevii

reciprocal
T. aestivum x ssp. carthlicum 

reciprocal
T. aestivum x ssp. dicoccum

23.6
17.9

1.5
3.9

31.3
37.4
21.6

85.6
44.6

1.9
1.5

82.1
65.5
86.0

T. turgidum x T. aestivum (‘Mp 706’) 55.4 85.8 100.0

seed setting - pollen fertility r = 0.8
seed setting - no. of univalents r=0.19
seed setting - no. of grains/ear r=0.75 
pollen fertility — no. of univalents r = 0.078 
pollen fertility - no. of grains/ear r=0.92 
no. of univalents - no. of grains/ear r = 0.34

Ft plants (Table 51). The better the seed setting, which basically depends on the 
number of fertile pollen grains, the greater the fertility of the Ft hybrids. It 
follows from this that there is a negative correlation between the number of 
univalents and the fertility of the Ft plants. In practice, there is no direct 
correlation between pollen fertility and the number of univalents.

The same can be observed as a function of crossing direction, when the pollen 
fertility in pentapioid hybrids is lower (31.5%) in hexapioid x tetrapioid crosses 
than in the reciprocals (38.2%). It may also happen, of course, that higher seed 
setting is obtained in the case of low pollen fertility. In general, ear productivity 
rises parallel to the percentage of viable pollen.

The presence of a large number of univalent chromosomes as the consequence 
of abnormal cell division leads to lower fertility. This correlation is not par­
ticularly close, however. Cases are frequently found where this correlation does 
not apply: low fertility when there are only a few univalent chromosomes, or 
relatively good fertility combined with a univalent frequency of 100% (mainly 
in pentapioid hybrids). This can probably be put down to the fact that genome 
homology has a greater effect on fertility than differences in the number o 
chromosomes.

Sterility can be caused by genes in the cell nucleus and the cytoplasm alike. 
If chromosome pairing is prevented in meiosis by the inhomology of the chro­
mosomes of the two parents, it is referred to as chromosomal sterility. In this 
case the univalents are either distributed at random between the two poles 
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during the first meiotic division, or split into chromatids. In both cases, as the 
result of the second division, gametes with differing chromosome numbers are 
formed.

Not only the cell nucleus, or the chromosomes they contain, take part in the 
transfer of characters. In addition, there is a system of plasmagenes associated 
with the cytoplasmic structures. The ovum is known to donate the majority of 
the cytoplasm to the cell arising when the gametes unite, since there is virtually 
no cytoplasm in the male gamete. For this reason, characters transferred by 
cytoplasmic inheritance from generation to generation are passed on by the 
female parent. Physiological processes only take place normally in intact cells 
where the external and internal conditions required for these processes are met. 
The cell nucleus is in close, complex relation to the cytoplasm, which not only 
supplies the nucleus with nutrients, but, quite apart from the independent role 
of the cytoplasm in inheritance, also plays a decisive part in determining the 
priority of gene functioning. In the case of Paramecium aurelia, for example, 
Sonneborn demonstrated the fact that each animal has a large number of 
genes, each of which controls the formation of a specific cilium antigen. How­
ever, only one antigen is ever produced in any quantity. Which of the antigens 
will be produced in preponderance will be determined by the cytoplasm, inter­
estingly enough by means of the interaction between the cytoplasm and the 
environment. For example, harsh environmental effects, such as the presence 
of alien susbtances or changes in salt concentrations, will determine which 
antigen the animal will synthesise, though this can only be one for which it 
contains a suitable gene. The cytoplasm thus plays a decisive and interesting role 
in controlling the alternative and exclusive priorities of gene functioning.

Cytoplasmic factors inducing pollen infertility have been found in a number 
of plant species. This phenomenon is widely used in the production of hybrid 
seeds. The genetics of cytoplasmic male sterility has been investigated in the 
greatest detail for maize. The appearance of sterility is connected with plas­
magenes, but its manifestation depends on genotypic conditions. Restorer genes 
(S) have been discovered which counteract the phenotypic sterility. Normal 
pollen may develop even in cytoplasmically male sterile plants if they also 
contain genes capable of restoring fertility. Therefore, sterility is only observed 
in the absence of these genes, in plants with the ss genotype. The S gene does 
not, however, alter the plasmagenes in the cytoplasm which are responsible for 
sterility. In order to maintain cytoplasmic male sterility, a plant of type A, which 
is pistillate (having viable ovules and sterile pollen), should be pollinated with 
pollen from a plant of type B. If seeds with high yield potential are to be 
produced, two lines are crossed, one of which possesses cytoplasmic male 
sterility, while the other contains the S gene.

Frankel (1947) demonstrated the fact that the cytoplasmic male sterility of 
petunias can also be transferred by grafting. The fertile plant was grafted onto 
the sterile plant, with the result that the grafted plant also became cytoplasmi­
cally male sterile.

A characteristic example of cytoplasmic inheritance is the experiment 

144



carried out by Michaelis (1937) on Epilobium (willow-herb) The E. 
hirsutum x E. luteum hybrid is male sterile. Meiosis proceeds normally, but in 
later stages the young pollen grains degenerate. The hybrid has tiny leaves and 
is female fertile, as it produces seed when back-crossed to the parent species. 
When back-crossing was carried out with the species E. luteum, the anomalies 
observed in the fertility of the Ft plants were even more pronounced. The 
of the next back-cross dies off in the germ stage. It can thus be seen that the 
higher the proportion of E. luteum chromosomes in the progeny, the greater 
their sterility. In the reciprocal cross (E. luteum x E. hirsutum) there is a smaller 
degree of inhibition in development (large-leaved) and the Fj has extreme y 
good pollen fertility. When back-crossed to E. hirsutum the plants were entirely 
of the E. hirsutum type by BC25. In spite of this, it was possible to prove the 
retention of the E. luteum cytoplasm type (inheritance of large leaves), which 
was inherited quite independently of the cell nucleus.

The existence of this inheritance was proved in a number of experiments by 
Rhoades (1933), who replaced each of the 10 chromosomes of maize separately 
without causing any change in the inheritance of sterility. This series of experi- 
ments indicates the different levels of interaction between the cytoplasm and the 
cell nucleus. The effect of the cytoplasm cannot be manifested without the 
nucleus. , c

This phenomenon is of economic importance, since it means that tor numer­
ous crops (sorghum, maize, sugar beet, flax, etc.) male sterile lines can be used 
in producing hybrid seed, thus making it unnecessary to castrate the female 
parent (detasselling in maize). When cytoplasmic sterile plants are crossed with 
normal individuals, the progeny obtained are sterile. This technique substan­
tially reduces the costs of producing hybrid seed.

The discovery of a new, cytoplasmically male sterile source is also repoited 
by Whelan (1981) in sunflower: the nucleus (2n = 34) of cultivated sunflower 
(Helianthus annuus) was introduced into the cytoplasm of the perennial 
H qiqanteus and a completely male sterile line was produced after four back- 
crosses. Johnson (1958) produced male sterile cabbages through substitution 
with the cytoplasm of a radish cultivar (Early Scarlet Glober). Male sterile 
plants were selected after interspecific crossing in Savoy cabbage by Nienuhof 
(1961) and in broccoli by Cols (1957). f. u a u t

In the late sixties rapid progress was made in the breeding of hybrid wheat 
on the basis of cytoplasmic male sterility. This was facilitated by the work of 
Kihara (1951, 1954), who found male sterile individuals in hybrids from the 
combination T. aestivum* Ae. caudata back-crossed to T. aestivum. Later, 
Fukasawa (1958) selected male sterile lines from the combination Aegilotri- 
cum x conv. durum after back-crossing to conv. durum and from the hybrids of 
Aeqilotricum x ssp. dicoccum. This author mentions that when Ae. ovata was 
used as the female parent there was a gradual increase in pollen fertility. In the 
reciprocal cross (conv. durum * Ae. ovata), male sterile lines with a completely 
dwruw-type cytoplasm were obtained after several back-crosses (BC ) (Fig. 37).

The breeding of hybrid wheat received especially great impetus world-wide
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Aegilops ovata conv. durum

g. 37. Genome restoration diagram for a substitution between Aegilops ovata and T. turgidum 
com. durum. A and B represent the haploid chromosome sets of Aegilops ovata and conv.

durum and the black rectangle the cytoplasm of Aegilops ovata (Fukasawa, 1958)

after B. L. Johnson (1967) found cytoplasmically male sterile plants among 
T. timopheevii x T. aestivum hybrids. For a long time these formed the initial 
stock for work in this field. Nowadays, a considerable number of cytoplasmic 
male sterile sources are available, obtained by means of interspecific crossing 
particularly by Mann-Lucken (1971). For this purpose, the large pollen grains 
of Aegilops, Secale and Haynaldia species are also used. Since Secale and 

aynaldia are difficult to cross with wheat, Aegilops species are used as inter­
mediates in the production of male sterile sources.

Considerable advantages stem from the fact that the cytoplasm effect is not 
entirely independent of the functioning of various genes located on the chro­
mosomes. Some lines are able to restore fertility (restorer, Rf lines) and if the 
stigma of a male sterile plant is pollinated with pollen from such plants, the next 
generation will produce fertile pollen. Rogers-Edwardson (1952) were the first 
to report on maize lines which were able to overcome cytoplasmic sterility. 
Normal pollen may develop even in cytoplasmically male sterile plants if they 
contain fertility restoring genes. This means that sterility is only manifested in 
the absence of such genes.

In recent years, research on hybrid wheat breeding on the basis of cytoplasmic 
male sterility has lost momentum due to the difficulties encountered (cumber­
some nature of the method, etc.). It would seem that the application of gameto- 
cides will be more successful. The Ft and F2 lines of hybrid wheat produced at 
Martonvasar using the Shell compound WL 84811 were entered in national 
variety trials in 1989 (verbal communication).



4.3 Fertility and cytology of the F2 and later generations

4.3.1 Progeny of fertile Fi generations

tween the morphological traits of the parents, the types segregating i 2 
will be extremely varied. In many cases the variability will be so great t 
is impossible to find two identical plants, whichof the 
impossible. This makes gene analysts extremely difficult The^majo^y (

"X ZXZX parents.-The pure parental forms

fCIlfthe parents, contain a

genomes^cytologically well-ba’lanced, fertile individuals cannot be found until 
much later, in the F7-F9 generations.

4.3.2 Progeny of Ft hybrids with poorer fertility

. hvhrids nroduce a large number of sterile gametes in the Ft despite the 
rd hey stem from parents with identical chromosome numbers and 
genomes, X chromosome patting proceeds —

,s gametes. In this

TlX X Zctme of “e inflorescence flower colour and seed shape)
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The progeny of the Fj hybrids of autopolyploid species develop in various 
ways depending on the reductional cell division in the first generation. If onlv 
bivalents are formed in the Fx, the chromosome number of the F, plants will 
whiph’n™ £nd constanp- A11 the characters which are located in chromosomes 
which pair by means of auto- or allosyndesis are inherited according to the 
Mendehan laws. 6

The chromosome number of the second generation of the Fraqaria nip- 
1933) and F. vesca* F. moschata (Schie- 

mann 951) crosses 1S 2« = 28, as in the Fn and the chromosomes generally 
orm 14 , these hybrids have good fertility. Segregation for foliage colour 

tendri! formation, leaf shape and habit occurs according to the Mendelian laws
It, in addition to bivalents, multi- and univalents are also formed in the F ' 

among the progeny the fertility of plants with different chromosome numbers 
wifi vary substantially. In the F2 of Solanum chaucha(n=\i)xS. stenotomum 
(n 12) the plants had chromosome numbers of In = 24-29, while in the second 
generation of the cross A chaucha tuberosum (m = 24) plants with
2m- 39-48 chromosomes were observed. The greatest proportion of the plants 
contained 2n- 45-46 chromosomes. The second generation of Fragaria orien- 
tahs (n 14) xF moschata (m = 21) consisted of plants with 2m = 28-42 chro- 
mosomes^ Individuals with 2m = 28 chromosomes resembled F. orientalis, while 
those with 2m-42 chromosomes were reminiscent of F. moschata. Among the 
en 1 chromosome F2 plants of Vicia amphicarpax V. obovata a few were 
found which had 2m = 16-17 chromosomes (Fig. 38).

The progeny of hybrids where the parents contained both homologous and 
non-homologous genomes, so that the Fj gametes possess x bivalents and 0 + y

Vicia amphicarpa X V. obovata

2/1=10 X 2/7 = 12

Fi

Fa

2/7=10 
(53%)

2n = 11 
(100%)

2n=16 
(1%)

2n =12 
(3 %)

2 n =10 
(100%)

2n =11 
(42%) 2n=17 

(1%)

2n = 10 2/7=11 2n =12 
(43%) (53%) (4%)

2n=10 2/7=11 2n=12 
(31%) (52%) (17%)

hg. 38. Chromosome numbers in the F, and later generations of a cross between Vicia 
amphicarpa and V. obovata (Mettin, 1962) 
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univalent chromosomes, will contain 2x + (0.. .2y) chromosomes in the F2 after 
self-fertilisation (Oehler, 1956). Sapehin (1930), Kihara-Matsumura (1940) 
etc made detailed studies on the cytology of pentapioid TrzUcwm hybrids. In 
theory the triploid interspecific hybrids of the Triticinae (Kihara 1940; Belea, 
1976)and interspecific hybrids of Avena (Nishiyama, 1934), Allium (Levan, 
1936) and Petunia (Levan, 1937) behave similarly.

The chromosome number of pentapioid Triticum species hybrids is 2n-35 
in which case the AABBD genomes consist of either ABD from the male and 
AB from the female parent, or the reciproca case. If sufficient plants 
available, as in the case of ssp. carthlicum (w —14; genomes AB) x T. aestivum 
(„ = 21; genomes ABD) or ssp. spelta (m = 21; genomes ABD) x ssp. dicoccum 
(„= 14- genomes AB), extremely varied plants with chromosome numbers o 
2„ = 28-42 arise from the zygotes. Their frequency follows a random distnbu- 

out with a plentiful supply of pollen, strong com­
petition arises between pollen grains with different ^romosome number^ In 
wheat not only gametes with 14 or 21 chromosomes, but also those with 18 or 
20 chromosomes have an advantage over the others. Due to the elimination o 
the univalents, two peaks can be observed on the curve of chromosome number 
distribution in the F2. What is more, when ovules with a lower chromosome 
number are fertilised by pollen with a higher chromosome number, the develop­
ment of the endosperm is deficient and there will be a reduction in the viability 
of the developing seeds.

The orogeny plants will be fertile or sterile depending on the chromosome 
combinations. Among the fertile combinations, plants with more or lessi than 
2n = 35 chromosomes can be distinguished. The first group contains plants wit 
In = 28-34 chromosomes, which possess all the chromosomes of the A and B 
genomes and 1-7 of the chromosomes from genome D. After a few generations 
the univalent chromosomes of the D genome are eliminated. The members o 
the second group have 2m = 36-42 chromosomes. In addition to all the chro­
mosomes of genomes A and B, they contain one complete D genome and 1 / 
chromosomes from a second D genome. In later generations the duplicated D 
genome may arise again, since in each plant, as the result of gamete selection 
f nd zygote elimination, only fertile combinations arise with the same or a higher 
number of chromosomes. The plants of sterile chromosome combinations are 
weakly fertile or completely sterile. Plants with a low number of chromosomes 
only contain 1-3 pairs of chromosomes from genome D, while those with higher 
chromosome numbers lack some of the second set of D chromosomes (Table 

52Among the plants with low chromosome numbers, fertility increases as the 
number of univalents drops; in the same way, individuals with a larger number 
of chromosomes show an improvement in fertility as the number,«f bivade 
increases. Plants with 2m = 42 chromosomes are just as fertile as the hexaplo d 
parent while those with 2m = 28 chromosomes have somewhat weaker fertility 
than the tetrapioid parent. The lowest fertility was observed for aneuploid
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Table 52.
Chromosome pairing in the F2 generations of pentapioid Triticum hybrids in plants with 

various chromosome numbers

Chromosome 
number

Chromosome 
pairing in fertile 

combinations
Chromosome pairing in sterile combinations

Ft F2 I II III IV

28 14"
29 14"+1'
30 14"+ 2' 15"
31 14" + 31 15”+1'
32 14"+ 41 15"+ 2' 16"
33 14"+51 15n + 3‘ 16"+11
34 14"+ 6' 15" + 4‘ 16" + 2‘ 17"

35 35 14" + 7‘ 15"+51 16" +31 17"+1'
36 15"+ 6' 16"+ 4' 17"+ 2' 18"
37 16"+ 51 17" + 3r 18"+11
38 17" + 4‘ 18"+ 2* 19”
39 18" + 3I 19"+ I1
40 19"+ 21 20"
41 20"+ I1
42 21"

——— = ssp. carthlicum x timopheevii 
— = interspecific hybrids belonging to the some ploidy series
——— = pentapioid hybrids

Fig. 39. Mean fertility of interspecific wheat hybrids belonging to the same or different 
polyploidy levels (Belea, 1976)
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plants with a chromosome number of 2n = 33. In the majority of 
the embryo sac is capable of development, only parof it s feruhse^^tta 
explains the temporary drop in fertility experienced in 1 ? ( ’aM
the same level of polyploidy, however, even in the combination ssp. carthlicum 
2^ = 28 genomes AB)xT. timopheevii (2n = 28; genomes AG), where the 

genomes are not identical. Belea (1976) found an increase in the number of

Due to'the chromosome segregation outlined above, the progeny generations 
are completely fertile. They consist of plants with chromosome numbers concur- 
ring with those of the parents and are cytologically and genetically constant, 
general, due to the urge to regain the euploid state, constant 
can only be observed if, in place of the missing chromosomes, the plants contain 

fertility'and'a chromosome number of 2,1 = 40 were also o^ed, th^e form 
20" One chromosome pair from the D genome is missing from these plants 
„uli°omeT luster generations of these plants, individuals were found which 

had normal growth, full fertility and a chromosome number ofit-dZ^the 
course of chromosome pairing the formation of 19+1 wasI obser _ A 
ins to Sears (1944), chromosome 2D can be substituted by 2B. Plan 
contain nulli-2D-tetra-2B chromosomes (i.e. 2B is present four times) are via “d fX despite the fact that the two chromosomes ar. not homologous. 

With regard to both chromosomes the monosomic plants torm zu .)he hairiness o?downiness of the nodes and glumes and the length and colour 
of Te glumes- have a segregation ratio of 3 : 1. Plants with a chromosome 
number8of 2n = 28 resemble the parent with the lower chromosome number with 
resnect to ear type, ear density and the pith content of the straw (durum type: 
closely packed ear, pithy straw), while plants with 2n = 42 chromosomes are of 
the aestivum type (loosely packed ear, hollow straw). In the group with higher 
chromosome numbers the aestivum type is more frequent and there is a drop 
in the number of plants exhibiting durum traits, while in the group containing 
fewer chromosomes the number of durum types rises. , as One

It often haooens that plants which have the same chromosome number as one 
of the Xnts do not all resemble the parent in question. This can be attributed 

ii, r t that in the course of cell division, certain homologous chromosomes 
or chromosome'sections of genomes A and B have changed place. Plants with 
2n - 28 chromosomes may be of the aestivum type, while 2n - 42 plants may bear 
iLf X. If the genotype of durum» A.AdB B and that »
AaAaBaBaDD, many mixed types: AaAaBaBa and AdAdBdBdDD, 

^fn^the F, generation of T. turgidum conv. polonicum^T. aestivum, too 
fertilitv is inherited together with certain morphological traits. For the sum total 
X’geno^ sterile ratio was 287 . 93 which ■» «PP—*
euual to the 3 ' 1 Mendelian segregation. A considerable proportion (. . o) 
the sterile plants in this combination were intermediate, or had a glume shape 
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Table 53.
Fertility of the F2 and F3 generations of interspecific Triticum L. hybrids

Combination

f2 f3
Plant, 

no.
Grains/ 
plant Grains/ear Plant 

no.
Grains/ 
plant Grains/ear

X s sx X s sx

ssp. carthlicum x T.
monococcum 8 7.4 0.06 0.0 0.0 — — — -4 —
T. timopheevii x ssp. 
carthlicum 99 40.1 11.9 0.1 0.0 38 73.1 24.4 9.2 4.1

reciprocal 15 37.2 10.9 9.9 3.1 34 42.2 7.4 9.8 4.2
T. timopheevii x ssp. 
dicoccum 
conv. durum x T.

97 12.6 2.1 3.6 0.2 60 68.5 8.7 5.7 0.6

timopheevii
ssp. carthlicum x ssp.

36 14.1 2.4 3.7 0.4 60 79.4 16.9 6.1 1.2

dicoccum 62 126.1 26.4 13.2 1.7 110 102.7 37.9 9.9 2.5
T. aestivum x ssp. 
dicoccum 95 70.1 16.7 7.4 2.5 19 190.5 23.3 9.6 2.5

reciprocal ('B 120F) 17 121,2 7,3 5,5 2.1 26 29.7 7.6 7.4 0.6
reciprocal (‘Fortunato’) 12 116.4 25.1 15.2 2.4 18 85.4 41.6 8.9 2.8

T. aestivum x conv. 
durum 95 112.3 30.5 8.1 2.7 _ _
T. aestivum x ssp. 
carthlicum < 110 224.6 12.7 2.1 1.1 140 267.1 30.1 9.8 2.1

reciprocal 48 135.7 16.7 9.7 1.2 82 135.8 27.8 9.7 3.2
T. aestivum x 
T. turgidum 53 542.3 36.1 15.4 1.1 94 781.9 57.8 9.6 3.2

reciprocal 76 297.4 22.3 9.7 2.1 84 270.1 46.7 8.9 2.6
ssp. spelta x ssp. 
carthlicum 61 341.8 31.3 11.4 2.4 72 236.4 39.4 5.9 2.0
average for pentapioid 
hybrids 22.0 34.3

and spikelet arrangement similar to that of conv. polonicum (45.6%). Only 
18.2% belonged to the T. aestivum type, while a small proportion belonged to 
the ssp. spelta (2.5%), ssp. dicoccum (3.9%) and T. timopheevii (1.3%) types 
(Belea, 1976).

There are wide variations in fertility between the hybrid plants of the F15 and 
even more so in the F2 and F3. An analysis of fertility in the Fj-F3 hybrids of 
the combination ssp. carthlicum x T. timopheevii, for example, indicates that in 
the first generation the fertility of the plants in terms of number of grains per 
ear ranged from 0 to 7.4, while in the F2 this value was 0.3-3. In the third 
generation individuals producing as many as 37 grains per ear could be found 
(Table 53).

In the F2 of Nicotiana tabacum (2n = 48) x N. sylvestris (2n = 24), similarly to 
the Triticum hybrids, plants with 2n = 24-48 chromosomes were found. Plants 
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with 2m = 24-25 chromosomes resembled the N. sylvestris parent those with 
Ground 2n = 40 were intermediate, while those with 2n =46-48 chromosome 
resembled N. tabacum. The parental types were fertile

ehromX" "and very few from N. pame^la. Those cells wh.ch are unable 
to function contain few chromosomes from N. rustica and a great many from 

Vo“nrid“ ring the potential of hybridisation to alter the genetic composition of 
populations Ft is important to recognise the relative paucity of recombination 
products from species crosses. Anderson (1939) demonstrated thatin crosse

lan^rfil and N. ala.a the prance 
was attributed to gametic elimination, zygotic elimination, pleitropismand 
linkage The restrictive effect of linkage on recombination was found to be 
severe However the tight coherences present m F and F, 
mav be broken to release variation in later generations, as shown in crosses 
between N. langsdorfii and N. sanderae and in interracial hybrids within o en- 

^^Th^estXted^recombination in species crosses is also expressed in the large 
prior and inviable segregates in the F population. Stephens
U979) found that the viable fraction of the F2 hybrids of Gossyptum hi* 
sutum^G barbadense consisted primarily of plants resembling the parental 
species or the Fj hybrid. In several other plant genera (Lycopersicum, 
Traqopogon, Phaseolus, Rubus, etc.) the frequency distributions of the phen - 
types fn the F2 and later generations are shifted towards a parental typ .

4.3.3 Progeny generations of back- and top-crosses

4.3.3.1 Back-crossing to the parents

The back-crossing method elaborated by Briggs-Allard (1953) and Rudorf 
H956) for use " variety crosses can also be generally applied in interspecific 

d inPrXnc crossing With the exception of somatic hybridisation and 
^St on, which will be discussed later, this is the only way m whtch 
hybrid grains can be obtained and progeny raised from sterile F, hybrids. 
The method is also used in cytogenetics for the production ol aneupk

In many c((es back-crossing can be successfully carried out to both parent , 
as in the case of Nicotiana species. In other cases back-crossing is more success-
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Table 54.
Effect of repeated back-crossing (BC) on the fertility of interspecific Triticum hybrids

Combination Plant 
no.

Grains/ 
plant

Grains/ 
ear

Grains/ 
spikelet

mean

(T. aestivum x ssp. dicoccum) x ssp. dicoccum BC}* 10 21.6 1.3
(T. aestivum x ssp. dicoccum) x ssp. dicoccum BCf 16 27.6 1.4
T. aestivum (F481) x ssp. dicoccum (‘Vernal’) Ft 130 420.5 24.6 1.3
(T. aestivum* ssp. dicoccum)* T. aestivum BC} 81 16.3 0.9
(T. aestivum x ssp. dicoccum) x T. aestivum BC} 230 33.3 2.1
(T. aestivum * ssp. dicoccum) x T. aestivum
Mean for the same cultivars BC? 123 313.0 25.1 1.9
(T. aestivum* ssp. dicoccum)* T. aestivum
Mean for different cultivars BC? 260 683.0 31.1 2.0
(T. aestivum * T. turgidum) * T. aestivum BC} 209 47.7 2.8
T. aestivum * T. turgidum F t 27 603.0 33.5 1.4
(T. aestivum * ssp. carthlicum) * T. aestivum BC} 23 197.0 20.7 1.2
(T. aestivum x ssp. carthlicum) x T. aestivum BC} 32 96.0 22.0 1.3
(T. aestivum * ssp. carthlicum) * T. aestivum BC? 69 114.2 24.6 1.4
(T. aestivum * ssp. carthlicum) x T. aestivum BC} 38 180.7 34.6 1.9
(T. aestivum * ssp. carthlicum) x T. aestivum BC? 29 185.7 39.1 2.2
T. aestivum * ssp. carthlicum Fj 25 469.0 29.4 1.3

* upper index: number of back-crosses (BC) 
lower index: number of generations (F)

ful to one crossing partner (Triticum x Secale x Triticum) than to the other 
(Triticum x Secale x Secale). It also happens quite frequently that hybrid seeds 
are only obtained in back-crosses to one of the parents, as in the case of 
Raphanus x Brassica, where only back-crosses to Raphanus produce satisfactory 
results, no hybrid seed being obtained in back-crosses to Brassica (Karpechen- 
ko, 1928). The success of crossing depends primarily on the quantity of Ft 
ovules capable of development. If embryo sacs with different chromosome 
numbers are all viable, the F2 segregates into types which differ cytologically 
and morphologically, the plants being intermediate between the F, and the 
parental species used in back-crossing.

When studying fertility relations, Belea (1964) observed a temporary re­
duction in fertility in back-crosses of the first generation of T. aes­
tivum x T. turgidum ssp. carthlicum to both parents. There was a considerable 
rise in fertility in the F2, when an average 30.0 grains per ear were obtained in 
the second back-cross to common wheat (Table 54).

When T. aestivum* T. turgidum was back-crossed to various cultivars of 
1. aestivum, individuals with high productivity could be selected even in BC1 
(43.9 grains per ear on average). In several combinations the temporary reduc­
tion in fertility occurring as the result of the first back-cross was counteracted 
by a rise in the thousand grain mass. In the BC1 of (T. aestivum x ssp. dicoc-
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cum) x T aestivum, for example, the number of grains per ear was 16.3 and the 
thousand grain mass 47.2 g, compared to 24.6 grains/ear and a gram mass ot 
42 0 g in the direct cross. Naturally, cases were also observed where both yield 
components rose in the early generations of certain combinations as the result 

°f ^nthe'BCl*  of (Triticum x Secale) x Triticum the plants are morphologically 
intermediate between the first generation and Triticum, while there are no plants 
which resemble rye. The reverse is true in the combination (Triticum Se­
cale) x Secale, where the plants resemble the Fr and rye, and no wheat types 
can be found. If the Fj plant is fertile, the plants of the F2 population can 
already be grouped, in the case of cereals, for example, on the basis of ear type, 
awnedness, glume colour, rachis fragility, straw length, etc., and these plantscan 
be included in further experiments in bulk. In the latter combination the 2n -28 
chromosome plants of the progeny possess 2 wheat and 2 rye genomes, while 
the 28-chromosome progeny of (Triticum x Secale) x Triticum have 4 wheat 
genomes (Lebedeff, 1932). Plants with 2n = 49 chromosomes contain 42 wheat 
and 7 rye chromosomes (21u + 7l). In the later generations the rye chromosomes 
are eliminated. Ohlendorf (1957) obtained balanced, constant individuals in 
the combination (Triticum aestivum*  Agropyron intermedium) x T. aestivum, 
where the 2n = 56 chromosomes consisted of 42 wheat and 14 Agropyron chro­
mosomes. . .

* (he lower index indicates the number of generations and the upper index the number of 

back-crosses

In the BC2 of (Aegilops ovata * T. aestivum) x T. aestivum, too, the plants are 
intermediate morphologically between the first generation and T. aestivum. In 
the reciprocal cross, however, the progeny bore more resemblance to the Aegi-

^Balanced, constant plants with a chromosome number of 2n = 48, forming 
12UI+ 12', are also found in the BC2 of (Nicotiana tabacum x N. rusbyi) * N. 
rusbyi. In the BC) of (N. rustica x N. paniculata) x N. rustica some of the hybrid 
plants contained 2n = 38 - 48 chromosomes, while the viable ovum contained 
14-24 chromosomes. „ • /

The 2n = 27 chromosome plants of (Raphanus sativus x Brassica olera- 
cea) x Raphanus sativus have 911 (Raphanus) + 9‘f Brassica). The Brassica chro­
mosomes are rapidly eliminated, since only plants with 9R and few B gametes 
are viable, while those with a large number of Brassica chromosomes die oil 
(Karpechenko, 1928). . ,

In back-cross progeny of Gossypium hirsutum*  (G. hirsutum*G.  bar- 
badense), Stephens (1979) found significant elimination of the donor germ­
plasm through both male and female gametes. Selective elimination can be 
detected by the significant distortion of specific monofactonal segregations and 
also by the cumulative tendency for the recurrent parent genotype to be re­
covered more rapidly than expected as a result of random segregation and 
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recombination. Stephens stated that of four loci which showed selective elimina­
tion, two were suspected on independent grounds of being carried on structually 
differentiated chromosomes.

Rick (1963) reported that back-crosses of the Fj hybrid of Lycopersicum 
esculentum *L chilense to L. esculentum contained an excess of L. esculentum 
markers, while back-crosses to L. chilense were deficient in such markers. The 
back-crossing of maize x Tripsacum hybrids to maize is accompanied by the 
rapid elimination of maize genomes contaminated through crossing-over with 
Tripsacum (Mangelsdorf, 1951), although there is evidence that inbred lines 
of maize may be modified and improved by the receipt of certain Tripsacum 
genes. Back-crosses of Phaseolus vulgaris x p. coccinea FjS to both parents show 
a highly significant deviation from the expected 1 : 1 ratio when the donor allele 
is transmitted through the pollen but not through the ovum. Rick (1969) 
obtained hybrids between Solanum pennellii and Lycopersicum esculentum that 
were successively back-crossed to the latter, but the monogenic ratios departed 
from 1 : 1, the deficiency of esculentum alleles (the recurrent parent) being the 
most frequent. This trend is contrary to the majority of observations in species 
hybrids, as exemplified in back-crosses of Fj Gossypium barbadense x G. hir- 
sutum (Stephens, 1979).

As the result of back-crosses to the parents in generations later than F2, plants 
with the same chromosome numbers as the parents are obtained. Very frequent­
ly, however, these plants differ in nature from the parents. The crossing over 
of chromosome sections can be expected if the species crossed contain homolo­
gous (or homoeologous) genomes. If, however, the parent species do not contain 
homologous or homoeologous genomes, only plants of purely parental type 
appear in the progeny generations. If one or both of the parents are polyploid, 
cytologically balanced forms may appear in the progeny, which do not contain 
all the genomes of the parents. In the combinations (ABD x R) x ABD or 
(ABD x R) x R, in addition to the AABBDD and RR parental types, the types 
AABBRR, AADDRR, BBDDRR, AARR, BBRR, DDRR, AABB, AA, BB 
and DD may also theoretically appear, giving plants which are balanced, fertile 
and constant as regards their genomes.

4.3.3.2 Repeated back-crossing

Pollen-sterile interspecific hybrids can be back-crossed to one of the parents in 
several successive generations. If the back-cross is carried out to the species used 
as female parent in the original cross, e.g. (A x B) x A x A, etc., after a few 
generations the plants will contain exclusively female genomes, while the male 
chromosomes are lost. If the genomes of the parents are homologous or ho­
moeologous, types bearing characters derived from both parents will be found 
in the population due to chromosome exchange (Nicotiana, Triticum). If there 
is no homology between the parental genomes, only pure female forms will arise. 
If back-crossing is carried out to the species originally used as the male parent, 
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Table 55.
Effect of repeated back-crossing and of selection in various generations on the fertility of the 

combination (T. aestivum x T. turgidum) x T. aestivum

Repeated 
back-crossing

Generation
Average

Fi f2 f3

BC1 21.6 39.6 47.4 36.2

BC2 42.2 49.6 59.0 50.2

BC3 40.4 41.7 54.6 45.6

Average 34.7 46.9 53.7 ------------------- ------

Table 56.
Effect of top-crossing with a third species and of selection in various generations on the fertility 

of the combination (T. turgidum x conv. durum) x T. aestivum

Repeated 
back-crossing after 

top-crossing

Generation
Average

Fi f2 f3 f4

BC1 26.5 43.7 49.5 57.2 44.2

BC2 21.3 46.3 68.0 65.3 50.2

BC3 26.0 40.6 65.5 — 44.0

Average 24.6 43.5 61.0 61.2
—

e.g. (A x B) x B x B, etc., the progeny will contain only male genomes; these 
genomes, however, are situated within the female cytoplasm, which means that 
the cell nucleus of one species can be transferred to the cytoplasm of another 
species. ...

When the Aegilops caudata x Triticum aestivum combination is repeatedly 
back-crossed to wheat, plants resembling wheat are obtained, with gametes 
containing n = 21 chromosomes, but in a cytoplasm stemming from Aegilops 
caudata. These plants show some differences in morphology, e.g. the ears are 
erect, as in Aegilops caudata, and have black glumes.

If triticale (wheat x rye allopolyploid) is repeatedly back-crossed to rye, the 
progeny are reminiscent of rye and contain rye chromosomes in a wheat 
cytoplasm. This alloplasmic rye differs in many respects from the original rye.

In certain combinations, selection for ear productivity causes a greater in­
crease in fertility than repeated back-crossing. This is confirmed by the data in 
Table 55, where the fertility in the combination (T. aestivum* T. tur­
gidum ) x T. aestivum exhibits linear growth in the F2 and later generations 
compared to the first generation. This consistent increase in productivity is far 
from certain to occur as the result of repeated back-crosses. The BC| hybrids 
were the most fertile. A similar situation was observed in triple hybrids of (T. 
turgidum* conv. durum) * T. aestivum (Fig. 40), where productivity was par­
ticularly good in generation BC( and BC | (Table 56).
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80

Effect of repeated back-crossing (BC) and selection in various generations on the 
fertility of the (T. turgidum x conv. durum) x T. aestivum combination (Belea, 1976)

43.3.3 Top-crossing with a third species

Top-crossing with a third species also plays an important role in the restoration 
of fertility. Examples of this are (Triticum turgidum x Secale cereale) x T. aes­
tivum (Nakajima, 1951), (Aegilops ovata x ssp. carthlicum) x Triticum aestivum 
(Belea, 1976), (Nicotiana tahacum ^ N. rusbyi) x N. silvestris (Beisser, 1934), 
etc. This possibility is of particular significance in cases where the cross can only 
be carried out with great difficulty, if at all, without the use of an intermediary 
variety, e.g. Aegilops umbellulata* ssp. dicoccum x T. aestivum (Sears, 1956b), 
Gossypium hirsutum^G. herbaceum* G. harknessii (Brown-Menzel, 1950), 
Triticum turgidum x Secale cereale x Agropyron elongatum (Kiss, verbal com­
munication), Raphanus sativus x Brassica oleracea x B. carinata (Karpechenko 
1929), Triticum monococcum* ssp. carthlicum* T. aestivum (Belea, 1976)’ 
etc. In this way, triple hybrids provide a relatively easy technique for unit­
ing in a single plant genomes from parent species which cannot be crossed 
directly.

It the species used in top-crossing possesses genomes which are homologous 
with those of one of the parents, well-balanced forms may appear, as in back- 
crossing, e.g. T. turgidum x conv. durum x T. aestivum. The number of geneti­
cally constant types obviously varies depending on the different gene comple­
ments of the species.
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A cytologically unbalanced hybrid generation will be obtained if the species 
used for top-crossing not only has non-homologous genomes, but also a dif­
ferent chromosome number. Examples of this are when the combinations 
T. timopheevii (n = 14; genomes AG) x ssp. carthlicum (n = 14; genomes AB) and 
T. turgidum (n= 14; genomes AB) x T. timopheevii (»= 14; genomes AG) are 
top-crossed with T. aestivum (n = 21; genomes ABD). In triple hybrids of 
Aegilops caudata genome C)ixssp dicoccum (n-14;
genomes AB) x T. aestivum (n = 21; genomes ABD), the D genome does not pair 
with the C genome, so the chromosomes of both remain as univalents. In theory 
it is possible for balanced combinations to come about through the mcorpora- 
tion of new genomes. In addition to the parental types, AABEI, AABBDD and 
CC, plants with the genomes AABBCC, AACC, BBCC and DDCC may 
appear. Completely fertile euploid plants can easily be obtained if repeated 
back-crossing is carried out to the species used in top-crossing.

As in the case of back-crossing, a temporary reduction in the fertility o w 
F, hybrids was observed by Belea (1965) after the first top-cross with a third 
species, but the fertility rose perceptibly as the result of BC2. In interspecific 
crosses of wheat, the number of grains per ear in these generations equalled or 
surpassed the fertility of hybrids originating from direct crosses in the majon y 
of combinations (Table 57).

The hybrid of (Triticum turgidum x Secale cereale) x Agropyron elongatu 
was a completely sterile perennial plant. It tillered strongly and produced 
80-100 ears each year, but the flowers set no seed. The triple hybrids died oft 
in 1964 after a period of 8 years (Kiss, verbal communication).

Table 57.
Effect of top-crossing with a third species on the fertility of interspecific Triticum L. hybrids

Combination
Plant 
no.

Grains/ 
plant

Grains/ 
ear

Grains/ 
spikelet

mean

(T. aestivum x ssp. dicoccum) x conv. durum F,
(T. aestivum x ssp. dicoccum) x conv. durum BQ
(T. aestivum x ssp. dicoccum) x ssp. carthlicum Fj 
(T. aestivum x ssp. dicoccum) x ssp. carthlicum BC( 
(T. turgidum x conv. durum) x T. aestivum Ft
(T. turgidum x conv. durum) x T. aestivum BC)
(T. turgidum x conv. durum) x T. aestivum BC)
(T. turgidum x conv. durum) x T. aestivum F2
(T. turgidum x conv. durum) x T. aestivum BC2
(T. turgidum x conv. durum) x T. aestivum BC2
(T. turgidum x conv. durum) x T. aestivum F3
(T. turgidum x conv. durum)* T. aestivum BC)
(T. turgidum x conv. durum) x T. aestivum BC3
(T. turgidum x conv. durum) x T. aestivum BC 3
(T. turgidum x conv. durum) x T. aestivum F4

11
15
10
12
17

186
38
40
35
71
34
27
37
77
38

256.1
223.7
247.7

15.9
28.2
16.7
25.0
26.5
21.3
26.0
43.7
46.3
40.6
49.5
68.0
65.5
61.2
57.2

1.0
1.8
1.2
1.4
1.5
1.2
1.4
2.1
2.2
2.3
2.7
3.2
3.3
3.1
3.0
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4.4 Somatic hybridisation between species

The technique of somatic cell fusion makes it possible to combine distant forms 
which cannot be crossed at present by sexual means. With protoplasts which 
have been deprived of their cell walls and are surrounded only by a membrane, 
it is far easier to isolate cell organelles, such as cell nuclei or chloroplasts, which 
thus facilitates cell fusion.

The thought that hybridisation might be possible not only through the 
merging of gametes, but also through the fusion of non-differentiated (somatic) 
cells, had already been raised by the beginning of the century.

The earliest attempt of this nature is attributed to Winkler (in Dudits, 1982), 
who hoped to fuse the cells of Lycopersicon esculentum and Solanum nigrum by 
grafting shoots together. Kuster, (1909) based his suggestion that somatic cells 
could be hybridised on the fact that spontaneous fusion was observed between 
plant protoplasts. These efforts did not arouse a great deal of interest at the time, 
since they were unsuccessful, due to lack of a suitable method. Once the 
technique of fusion was perfected and knowledge of genetic laws broadened, 
work advanced at a rapid pace. The technique of protoplast fusion enables 
various animal or plant cells or protoplasts to be fused, the cell nuclei being 
united in a single cell. The fact that these are heterokaryons can be checked 
cytologically. If identical protoplasts are fused, homokaryons arise. In these 
multinuclear cells, cell division may take place in several ways. During the first 
cell division, mitosis may take place in only one of the parental cell nuclei; as 
the result of this asynchronous mitosis, the cell nucleus of the other parent 
becomes separated and is eventually lost. It may also happen that mitosis takes 
place in both cell nuclei of the heterokaryon, in which case synkaryons are 
produced. This happens only rarely. Most frequently the chromosomes of one 
of the plants are lost after fusion (soya - tobacco, horse beans - petunia, etc.).

Protoplast fusion widens the range of plant genera and species which can be 
hybridised and is thus of enormous importance in increasing genetic variability. 
New hybrid combinations possessing as yet unknown properties may be 
produced. Another great advantage of this method is the fact that colchicine 
treatment is not required to overcome the hybrid sterility arising during sexual 
crossing. Factors which obstruct fertilisation or inhibit the development of the 
endosperm can also be eliminated, as can factors inducing incompatibility, etc.

Using this method, not only the species of plant genera, but also mammal - 
plant, insect — plant, etc. protoplasts can be fused, since it has been proved that 
after fusion DNA synthesis is able to continue in the cell nuclei of both parents 
and the fused ceils are capable of division (Dudits, 1982).

To obtain efficient fusion it is necessary to work with a large number of viable 
protoplasts. Fusion is generally induced by incubation in a high concentration of 
polyethylene glycol (PEG), a high concentration of Ca2 + and a relatively high pH. 
I his treatment is necessary to remove the negative charge on the protoplasts. 
Electrofusion has become popular in recent years. After somatic hybridisation the 
biggest problem is to select the somatic hybrids from the cell population.
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Table 58.
Hybrids produced by protoplast fusion between plant species within a single genus

Combination Author

Daucus carota x D. capillifolius Dudits et al., 1977

Datura innoxia x D. candida Schieder, 1978

Datura innoxia x D. discolor Schieder, 1978a

Datura innoxia x D. sanguinea Schieder, 1978

Datura innoxia x D. stramonium Schieder, 1978a
Nicotiana glauca x N. langsdorffii Carlson et al., 1972
Nicotiana knightiana x N. sylvestris
Nicotiana tabacum x N. debneyi

Maliga et al., 1977
Gleba-Hoffmann 1979

Nicotiana tabacum x N. glauca
Nicotiana tabacum x N. knightiana

Evans et al., 1980
Maliga et al., 1978

Nicotiana tabacum x N. nesophila Evans et al., 1980
Nicotiana tabacum x N. stocktonii Evans et al., 1980
Nicotiana tabacum x sylvestris Melchers, 1977
Petunia hybrida x P. axillaris Izhar-Power, 1979

Petunia hybrida x P. parodii Power et al., 1976
Petunia parodii x P. inftata Power et al., 1979
Petunia parodii x P. paryflora Power et al., 1980
Solanum nigrum x S. tuberosum Binding et al., 1982

The first successful attempt at producing hybrid plants by means of proto­
plast fusion was reported by Carlson et al. (1972). Later, numerous cases of 
somatic hybridisation became known, especially in the Solanaceae family (Table 
58). The fact that somatic hybridisation has been successful between Solanum 
tuberosum and Lycopersicon lycopersicum, between Brassica and Arabidopsis 
and between Daucus carota and Aegopodium podagria shows that even inter­
generic hybridisations are possible. This is of especial interest since these hybrids 
are impossible to obtain by sexual means (Pierik, 1987). Somatic hybridisation 
is interesting from an agricultural point of view, especially for important crops 
where it is possible to regenerate complete functional plants from protoplasts. 
In general, after fusion the characters of both parents reach expression in the 
hybrids, so they give the impression of being intermediate types. In the case of 
somatic cell fusion, the female effect is not manifested, since the chloroplasts and 
mitochondria of both parents are included in the fused cell. It is also possible 
to produce fused cells without cell nuclei, containing only cytoplasmic genes. 
These are known as cybrids, and are of great significance in the transfer of 
cytoplasmic male sterility.

Cell hybridisation between genera which are only distantly related to each 
other leads to the formation of hybrid cell lines. After somatic cell fusion 
between soya and tobacco, Kao (1977) selected cell lines in which the presence 
of tobacco characters could be proved using cytological and isoenzymatic 
analyses even after several years, despite the fact that the tobacco chromosomes 
were lost. Cell lines of this type have also been produced for other genera (Table 
59).
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Table 59.
Hybrid cell lines produced by somatic protoplast fusion between species belonging to different 

genera

Combination Author

I. Intergeneric somatic hybrid plants

Arabidopsis thaliana x Brassica campestris
Datura innoxia x Atropa belladonna
Solanum tuberosum x Lycopersicon esculentum
Nicotiana tabacum x Petunia hybrida
Nicotiana tabacum x Hordeum vulgare

Gleba-Hoffmann, 1979
Krumbiegel-Schieder, 1979
Melchers et al., 1978
Huang et al., 1983
Sommers et al. 1986

II. Intergeneric fusion products observed to undergo division but not plantlet regeneration
Glycine soja x Nicotiana glauca 
Petunia hybrida x Vicia faba 
Atropa belladonna x Nicotiana chinensis 
Daucus carota x Hordeum vulgare 
Daucus carota x Petunia hybrida 
Glycine max x Brassica napus 
Glycine max x Caragana arborescens 
Glycine max x Colchicum autumnale 
Glycine max x Hordeum vulgare 
Glycine max x Melilotus sp.
Glycine max x Medicago sativa 
Glycine max x Nicotiana glauca 
Glycine max x Nicotiana langsdorffii 
Glycine max x Nicotiana rustica 
Glycine max x Nicotiana tabacum 
Glycine max x Pisum sativum 
Glycine max x Vicia hajastana 
Glycine max x Zea mays
Nicotiana tabacum x Hyoscyamus muticus 
Brassica napus x Raphanus sativus
Petunia hybrida x Parthenocissus tricuspidata 
Petunia hybrida x Solanum nigrum 
Petunia hybrida x Vicia faba 
Vicia hajastana x Pisum sativum 
Citrus sinensis x Poncirus trifoliata 
Citrus sinensis x Severinia disticha
Triticum monococcum x Penisetum americanum 
Saccharum officinarum x Pennisetum americanum

Kao, 1977 
Binding-Nehls, 1978 
Gleba et al., 1982 
Dudits et al., 1979 
Reinert-Gosch, 1976 
Kartha et al., 1974 
Constabel et al., 1975b 
Constabel et al., 1975 
Kao and Michayluk, 1974 
Constabel et al., 1975 
Constabel et al., 1975 
Constabel et al., 1975 
Constabel et al., 1975 
Constabel et al., 1975 
Constabel et al., 1975 
Kao-Micha yluk, 1974 
Kao-Micha yluk, 1974 
Kao-Micha yluk, 1974 
Potrykus-Hoffmann, 1973 
Glimelius et al., 1986 
Power et al., 1976 
Binding-Nehls, 1978 
Binding and Nehls, 1978 
Kao-Michayluk, 1974 
Grosser, 1988b 
Grosser, 1988a
Vasil et al., 1988 
Tabaizadeh et al., 1987

III. Hybrids which lose one of the parental genomes after somatic protoplast fusion

Daucus carota x Aegopodium podgraria 
Daucus carota x Petroselinum

Dudits et al., 1979
Dudist et al., 1980

Great advances have been made in this field of science since the first successful 
protoplast fusion was carried out. The possibility of producing cybrids was 
previously completely unknown, but now provides a way of transferring male 
sterility. This method also facilitated the protoplast fusion and breeding of 
potato and tomato (Melchers et al., 1978).
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4.5 Changes in chromosome number

The constant chromosome number generally characteristic of the species may 
be changed by abnormalities occurring in the course of meiotic or mitotic cell 
division If the gametes arise without meiosis taking place, they wil contain 
unreduced sets of chromosomes, resulting after fertilisation m po yp o 
consisting of three or four sets. If the chromosomes fail to migrate to the poles 
“ the X of mitosis, the diploid cell will agam gtve nse to a polyplotd

Th?an?m“ous separation may be confined to a single^'XidXeXn 
hannen that during anaphase all the chromosomes split and are divided between 
thtwo poles with the exception of one which fail to separate Th,s chromosome 
may join one of the progeny cells or may be ehmmated In either case the 
chromosome number will be one greater or smaller <a"'uP' he chromosome

Aneunloidy and polyploidy cause changes not only in the chromosome 
numberPbut also in the number of genes, and this may make its effect fe in 
both the phenotype and in the course of heredity,

The full haploid chromosome set is designated by n. EuPlo’d f , 
which contain balanced, complete sets of chromosomes, ir espechv, <1 the 
chromosome number. Aneuploids, on the other hand, are plants which have 
unbalanced chromosome numbers differing from those of the euploid organism.

4.5.1 Aneuploidy

In the cells of higher plants the diploid chromosome number generally com- 
prises homologous male and female chromosomes. Thus, each chromosome is 
present twice (disome). If some of the chromosomes dev,ate from tins general 
rule, it is a case of aneuploidy, as mentioned above.

If each cell contains 3 homologous chromosomes instead of two ^e cell is 
a trisome; if it contains 4 chromosomes it is a tetrasome. If one of the homo o- 
gous pair is missing, we speak of a monosome, while if both are lost, 
nullisome:

normal 
(disome) 

In

+ 1 
trisome 
2n+ 1 
+ 1 ✓ 

tetrasome 
2n + 2

-1 
monosome

2n— 1
- 1 

nullisome 
2n- 2
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In the case of nullisomes and tetrasomes it is important to note that the 
numerical deviation refers to the same homologous chromosome. If the chro­
mosomes are designated by letters, the same letters referring to homologous 
chromosomes, the following cases can be distinguished:
AABBCCDD 
^IBBCDD (2n-2) 
AABBDD (2« — 2) 
/U^SCCDD (2n)

normal disome
not a nullisome, but a double (A, C) monosome 
C-nullisome
B-monosome, A-trisome

The chromosome set of double trisomic types (2n+ 1 + 1) contains three each 
of two non-homologous chromosomes.

In the majority of diploid plants, of all the possible types, only the normal 
(disome) type is viable. Viability decreases in the following order: disome - 
tnsome - monosome - tetrasome - nullisome.

Among the aneuploids, trisomic organisms are formed most frequently. The 
first trisomic chromosome set was observed by Bridges and Morgan in the the 
fruit fly Drosophila melanogaster. Later, in plants, Blakeslee-Avery (1937) was 
the first to produce trisomes in Datura stramonium. All the 12 types obtained 
by this author contained 25 chromosomes and caused phenotypical changes in 
the yield. Since then, trisomic series have been produced for numerous crops of 
economic importance (wheat, maize, tomato, tobacco, etc.). These not only 
assist in locating individual genes, but can be used as initial stock in chro­
mosome manipulations for breeding purposes.

If one of the chromosomes of a trisomic cell or organism is an isochro­
mosome, it is referred to as a secondary trisome. By contrast to normal, or 
primary, trisomes, secondary trisomes contain certain genes in a quadruple 
dose, while others are only present twice. With the aid of secondary trisomes 
it is possible to locate genes on the various arms (isochromosomes) of the 
chromosome.

In the majority of monosomic diploid organisms, the lack of a single chro­
mosome (2m—1) is lethal. In species of polyploid origin, such as wheat or 
tobacco, the loss of a single chromosome is less serious. In the course of meiosis, 
cel division takes place normally. Since the univalent chromosome migrates to 
neither pole, it is frequently eliminated, so more than 50% of the gametes of 
monosomes possess n- 1 chromosomes. Sears (1954) was the first to produce 
a full monosomic series of wheat using the cultivar Chinese Spring The first 
monosomic lines were obtained from haploid plants fertilised with the pollen 
of normal plants. It proved possible to select a few aneuploid lines from the 
progeny of triploid plants, but the majority of aneuploids were produced using 
t e asynaptic nullisome of homoeologous group 3. Once a monosomic variety 
has been formed, it can be used to produce monosomes and substitution lines 
in other species and cultivars, as depicted in Fig. 41.

Monosomic lines can also be produced in various ways with the help of 
mtergeneric and interspecific hybrids and allohexaploids (Figs. 42, 43 and 44). 
Another possibility is the cytological separation of the chromosomes belonging
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AABBDD(6x) 
TcestivumWW) x

i
AABBD-1D 

(2011 +1D)

selected
2011 +10

AABB (4x) 
conv. durum!, Minaret) 
self-fertilisation or 
back-crossing to Mv8

back-cross AABBDD! 2111)

repeated back-crossing
to the Mv8 monosomic 1D line «

£

II AABBDD (6x)
T.aestiwm(Mv8 )

III AABBDD (6x)
Taestivum (Mv8)

Mv8 monosome 1D-7D 

x

MvB monosome IB -7B 

x

Mv81A-7A

AADD(4x) synthetic tetrapioid 
(Taegilopoides Ae.squarrosa)

BBDD(4x) synthetic tetrapioid 
lAe.longissima Ae.squarrosa)

I

Fig. 42. Outline of the production of monosomic lines with the aid of intergeneric and 
interspecific hybrids and allohexaploids (Siddiqui, 1972)

to the G genome, say, of T. timopheevii, or of some other wheat species, after 
which the artificially produced allopolyploid (m = 21; genomes AAG) of 
T. timopheevii (»= 14; genomes AG) x T. monococcum (n=7; genome A) can 
be compared with the chromosomes of the naturally occurring species T. 
zhukovskyi (AAG) (Fig. 45). Likewise, the chromosomes belonging to the D 
genome of hexapioid wheat can be cytologically separated through the artificial 
allopolyploidisation of Aegilops squarrosa x conv. durum (Fig. 46).

The phenomenon of nullisomy is extremely rare; in this case a homologous 
pair of chromosomes is completely missing (2n-2). Nullisomes can usually be 
produced only from plant species of polyploid origin (bread wheat) through the

1A X 2A 3A 
mono- 1(A)x-l 

2(A)

4A X 5A 6A

mono- 1 (A) 
2(A) 
3(A)

2n=35+4

mono- 4(A)--------X —
5(A) I

2/7 = 35+5

mono-

X 7A 

mono- 6 (A)

2n

4A/4A 
/5A 
/ 6A

2n = 35+3

7(A)
= 35+5

X

mono- 1A,2A,3A,4A,5A,6A,7A 
2n = 35 self-fertilisation

2n=28 
BBDD 
7777

-2/7 = 42
AABBDD
mm

Fig. 43. Outline of the production of the tetrapioid components of allohexaploid Triticum using 
the monosomic method (Siddiqui, 1972)
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T timopheevii

AABB 
conv. durum

X

I
AAG 

2x=3x = 21

AAAAGG 
2x=6x=42

T. monococcum

after colchicine treatment

F1 AAABG 
2x = 5x =35 X

I
AAABG 

2x = 5x= 35

AAAAGG 
synthetic T. timopheevii X 

T. monococcum (6 x)

cytological 
selection

I--------------------

AABB
artifically produced 

tetraploid

self fertilisation

AAAAGG synthetic allopolyploid

AAABG
- —, cytological separation of the 7 chromosomes

2 belonging to genome G for comparison with 
the corresponding chromosomes of progeny 
obtained from crosses with the naturally-

i occuring species T.zhukovskyi

Fig. 45. Outline of the production of the chromosomes belonging to the G genome in the wheat 
species T. timopheevii (Belea, 1976)

self-fertilisation of monosomes. In wheat, the majority of nullisomes can be 
distinguished from the euploids even in the germ state, though they can only 
be selected with complete certainty at maturity. The nullisomes stand out from 
the population due to their poor development and altered phenotype. In wheat 
there are 9 nullisomes in which both sexes are fertile, but only the 7B nullisome 
can be stably maintained. The other lines are generally sterile due to their poor 
viability. Certain lines can be made good use of in practical breeding: the 
substitution of a pair of chromosomes in place of a chromosome pair from 
another species, for instance, has been found to have numerous practical advan­
tages (see below).

Tetrasomic plants (2n + 2) can be produced by self-fertilising trisomes. The 
quadruple dose of the genes in the chromosomes in question causes considerable 
difficulties compared to the double dose of the other genes in the genome. Viable 
tetrasomic plants can only be obtained within the compensating genetic back­
ground of the polyploids, i.e. if the additional chromosome pair can pair with 
one of the chromosome pairs of the euploid line. In the case of wheat, tetrasomic 
plants can be used with great success in the identification of homoeologous 
chromosomes, since it was found that if one member of the homoeologous
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I. Ae. squarrosa T. durumX

ll. 7, durum BC-, amphiploid

A B

A B

A A B B D

self-fertilised A A B B D

F1 AABBD(1-7'D)

’ (Belea, 1976)

proun was missing it could be quite adequately replaced by the tetrasomic form 
Another member of the group (Sears, 1954). In the course of meiosis it is often 
found that nullisomes, and occasionally tetrasomes, show no abnormality, for 
Ws very reason. In the case of tetrasomes, the four homologous chromosomes 

often take up a quadrivalent shape. In this case, it is a true instance of tetrasomy, 
where the additional chromosomes are homologues of the corresponding c - 
mosomes in the other parent (Triticum, Nicotiana, Gossypium, e^ It is often 
found, however, that the additional chromosomes are not homologous with the 
chromosomes of the recurrent parent (Triticum x Agropyron).
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4.5.2 Chromosome addition

The fact that a chromosome pair from one plant species can be added to the 
chromosome set of another species has long been known. Plant breeders have 
always endeavoured to elaborate methods to prevent economically undesirable 
characters from being transferred from the donor to the recipient species when 
certain given characters are transferred. This requires a technique by which only 
the chromosome or chromosome section in which the desired character is 
located is added from some related species. The forms obtained in this way are 
known as alien addition lines. The transfer of one alien chromosome is referred 
to as monosomic addition (trisome) and that of a pair of chromosomes as 
disomic addition (tetrasome).

This possibility was recognised by Leight-Taylor as long ago as 1927, 
while O’Mara (1938) elaborated an addition technique and added rye chro­
mosomes to wheat with the aid of triticale (Fig. 47). Using this programme, two 
different plants, each with 43 chromosomes, can be produced, containing dif­
ferent rye chromosomes. After self-pollination these lines will give plants con­
taining 2n = 44 chromosomes, with a pair of rye chromosomes in addition to 
the wheat chromosomes. It is extremely important for the various characters of

T aestivum (Mv8)g X Secale cereale 4 
(2n = 42) (2n=14)

ABDR (2o = 28)

AA BBDDRR (2/7=56) amphiploid 

(2111 wheat+711 rye)

2n .-56amphiploid x 2n = 42 T.aestivum (Mv8)

AABBDDRR AABBDD

AABBDDR (2/7 = 49) 
(2111 + 7’rye univalent)

2n = 42

Possible chromosome constitutions 
of plants obtained by self-fertilisation

self-pollinisation

Gamete constitution of the 7in + 1
progeny from the back-cross + 1 7 rye-chromosomes

2n=43
full complement 42wheat 
of wheat chromosomes chromosomes

AABBDD AABBDD +-1 rye

2n = 44 and so on up to
42wheat 2n=56 42wheat
chromosomes chromosomes + 14rye
AABBDD+ 2rye chromosomes

Fig. 47. Addition of rye chromosomes to wheat species (Williams, 1964)
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step I ssp. dicoccoides 
(2n=28,AABB)

Haynaldia villosa 

(20 =14.VV)
X

(2n=21, ABV)

amphiplold (2/7 = 42, AABBVV)

step II T. aestivum 
(2n = k2. AABBDD)

amphiplold 
(2/7 = 42, AABBVV)

X

step III

F1 hybrid
AABBDV (2/7=42,14"+71D+7I V)

BC1 T. aestivum 

\2n=U2, AABBDD)

F-i hybrid 
(2n =42, AABBDV)

21" 14"+14‘

plants selected 
from back-cross

AABBODV 2l"+71 H.villosa chromosomes

X

BC2 T. aestivum 

(2n = 42, AABBDD)

AABBDDV selected plants 
(2/7=49, F^

addition of monosomes from BC2

21"

X

21" +7*

AABBDD+0-7 chromosomes from H.villosa 

(2n=42-49)

selected plants with 43 chromosomes

plants with added chromosomes 

after self-pollination

2l"+l' H.villosa chromosome

21"+1"

wheat H. villosa

Fig. 48. Addition of Haynaldia villosa chromosomes to cultivated wheat (Williams, 1964)

rve to be present in the aneuploids chosen for self-pollination at the end of the 
programme. Undesirable lines of rye can be removed by selection. Due to the 
frequent lack of conjugation, 2m = 44 lines formed by the addition.of a chro­
mosome pair from rye are often less fertile than wheat. Riley (1960) observed 
anomalies in meiotic cell division, often leading to the elimination of the rye 
chromosomes from triticale. This is due to the fact that asynapsis is characteris­
tic of inbred lines of rye. The lack of conjugation can thus be put down in all 
probability, to inbreeding. Riley-Ewart (1960), Driscoll-Sears (1971) and 
Schlegel (1982) made further improvements in O Mara s method in order 
to produce rye-wheat addition lines with the aid of polyhaploids (n - 28). In the 
addition lines the quantitative characters and some of the quality traits are 
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mainly characteristic of rye. These lines differ from wheat in plant height straw 
thickness, ear size and compactness, and the shape of the spikelets and grains. 
This indicates that the quantitative traits are controlled by all the rye chro­
mosomes. With the aid of rye addition lines, Shepherd (1973) discovered that 
the gliadins of the rye endosperm were located in a single chromosome. In a 
similar fashion, two groups of esterase isoenzymes are also found in a single 
chromosome. 6

In Triticum x Secale hybrids with differing degrees of ear hairy neck, it is 
possible to find only slightly hairy plants possessing 2n = 43 chromosomes 
which segregate in later generations to less hairy, for the most part naked 
stemmed wheat types with 2n = 42 chromosomes.

Tetrasomic lines were produced by the addition of a chromosome pair from 
Haynaldia villosa (2n- 14) into hexapioid wheat with the aid of an allopolyploid 
of ssp. dicoccoides (2h = 28) x Haynaldia villosa (2n= 14). In this case the ssp. 
dicoccoides served as an intermediate species in the cross between common 
wheat and Haynaldia villosa, since ssp. dicoccoides can be crossed with both 
species. In the last stage of the programme depicted in Fig. 48, six of the seven 
possible addition lines were selected. In these lines, the one or two chromosomes 
inherited from Haynaldia villosa had a significant effect on the compactness of 
the ear It is interesting to note that the type of inflorescence characteristic of 
Haynaldia villosa could not be observed in any of the lines.

Fig. 49. Addition of Agropyron elongatum chromosomes to the species T. turgidum conv. durum 
witti the aid of non-reduced gametes (Schulz-Schaeffer-McNeal, 1977)
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T. timopheevii

£ £ £ X A £

T. aestivum

= AABDG

decaploid A A B D G

2n = 70 ______________
AABDG

reduced A 2 — y A B. £
octoploid ____ * _ ______

selected F1 AABBDDG

reduced
2n = 43 
trisomic plant 
with an addition 
from genome G

self—fertilised
2n =44
disease-resistant
tetrasomic plant 
with additions from
genome G

A B D 
_______ , + (1 G or 6G) 
ABD

♦
A B D G (1G or 6G)

A B D G (1G or 6GI

Fig. 50. Outline of the production of self-fertilised tetrasomic (2n - 44) plants selected from a T. 
aestivum x T. timopheevii heptapioid (Belea, 1976)

Blanco et al. (1987) reported the production of six monosomic addition lines 
in which different Dasypyrum villosum chromosomes were added to T. durum.

Sears (1956b) added the leaf rust resistance of Aegilops umbellulata to com­
mon wheat by top-crossing the allopolyploid Ae. umbellulata x ssp. dicoccoides 
with T. aestivum. In this way he isolated two monosomic and disomic addition 
lines. Later, Kimber (1967) produced a first generation of Ae. umbellulata x 
T. aestivum in an embryo culture, obtaining six mono- and disomic lines. 
Makino (1976) added chromosomes from this same species to conv. durum. 
Dvorak-Knott (1974) added a chromosome of Agropyron elongatum to 
T. aestivum (Fig. 49). Other authors report the introduction of a chromosome 
from Avena barbata into A. wiesti (Nishiyama, 1981).

In later generations (F5-F7) of the T. aestivum x T. timopheevii allopolyploid 
^2n = 70) mentioned above, Belea (1976) selected disease resistant addition lines 
with 2n = 44 chromosomes. These contained the 1G chromosome pair of 
T. timopheevii (Fig. 50).
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Table 60.
Crossing data for various amphiploids

Combination
No. of 
flowers 
crossed

No. of 
seeds 

obtained

Seed 
setting %

(T. aestivum x T. timopheevii amph. 2n = 70) Ft x aest. 386 0 0.0
(T. aestivum x T. timopheevii amph. 2n = 70) Fj x timoph. 320 0 0.0
(T. aestivum x T. timopheevii amph. 2n = 70) F2xaesr. 189 12 6.3
(T. aestivum x T. timopheevii amph. 2n = 70) T^xaest. 364 14 3.8
(T. aestivum x T. timopheevii amph. 2n = 56) x aest. BQ 552 29 5.3
(T. aestivum x T. timopheevii amph. In = 56) x aest. BC2 2280 274 12.0
(T. aestivum x T. timopheevii amph. 2n = 56) x monococcum 479 13 2.7
(T. aestivum x T. timopheevii amph. 2n= 56) x durum 528 3 0.6
(T. aestivum x T, timopheevvi amph. 2n = 56) x carthlicum 196 0 0.0
(ssp. carthlicum x T. timopheevii amph. 2n = 56) x carthlicum 370 26 7.0
(ssp. carthlicum x T. timopheeii amph. 2n = 56) x timopheevii 410 18 4.4
(ssp. carthlicum x T. timopheevii amph. 2n = 56) x aestivum 161 11 9.5
(Ae. ovata x ssp. carthlicum amph. 2n = 56) x Ae. ovata 56 4 7.1
(Ae. ovata x ssp. carthlicum amph. 2n = 56) x carthlicum 138 13 9.4
(Ae. ovata x ssp. carthlicum amph. 2n = 56) x durum 528 3 0.6
(Ae. ovata x ssp. carthlicum amph. 2n- 56 x turgidum 157 0 0.0
(Ae. ovata x ssp. carthlicum amph. 2n = 56) x timopheevii 185 0 0.0
(Ae. ovata x ssp. carthlicum amph. 2n = 56) x spelta 137 1 0.7
(Ae. ovata x ssp. carthlicum amph. 2n = 56) x aestivum 152 4 2.6

reciprocal 174 2 1.2
(Ae. ovata x ssp. •carthlicum amph. 2n = 56) x monococcum 479 9 1.8

reciprocal 201 0 
_________

0.0

In later generations of this allopolyploid, some of the plants with a chro­
mosome number reduced to 2n = 56 were back-crossed to various cultivars of 
T. aestivum (Table 60). Observation showed that the reduced allooctoploids 
were much easier to cross with cultivars of common wheat than the original 
2n= 70 chromosome plants. If the allopolyploid ssp. carthlicum x T. timopheevii 
was back-crossed to one of the parents, fewer hybrid grains were obtained 
(7.0-4.4% seed setting) than after top-crossing with a third species. The octo- 
ploid Ae. ovata x ssp. carthlicum, however, could be easily crossed with both 
parental species.

Morphologically, plants of the species T. aestivum which contain an addition­
al chromosome pair from T. timopheevii differ somewhat from the recipient 
species. They are similar to trisomic plants in that the leaves are broader, 
pendant, darker green and slightly hairy. Plants with additional chromosomes 
differed most noticeably from common wheat in the number of ears per plant 
(tillering) and the number of grains per ear (fertility) (Table 61).

Using T. turgidum as an intermediate species, Riley (1966) added the com­
plex disease resistance of Aegilops ventricosa, Kerber-Dyck (1969) the leaf rust 
resistance of Ae. squarrosa, and Belea (1976) the stem rust resistance of Ae. 
ovata to common wheat (Fig. 51). This latter combination, where the plants
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I. Ae. ovata

Cu CUM°M°
ssp. carthlicum

F1 hybrid ABCUM°

AABB

amphiploid AABBCUCUM°M° (2/7=56)

II. T. aestivum 

AABBDD
amphiploid

AABBCU CUM°M°

E, hybrid AABBDCUM° (2n = 49,14" + 7T D + 7* CU+7UM°'

III. T. aestivum 

AABBDD

F hybrid

AABBDDM0 {14u + 211)

Plants selected from BCi AABBDDCU 
AABBDDM0

or (2o = 49,21" + 71 Cu) 
(2/7 = 49,21 n+7* M°)

Addition of monosomes from BC- AABBDDCu (21n+0-7 chromosomes from Cu)

X

X

Selected plants with 43 chromosomes

After-self-pollination, 
rust-resistant plants 
with 44 chromosomes

21"+P (Cu)

21" +1" (Cu) 

wheat Aegilops

Fig. 51. Outline of the production of a self-fertilised tetrasomic (2n = 44) plants by means of 
selection from the combination (Aegilops ovata* ssp. carthlicum allopolyploid) x T. aestivum 

(Belea, 1976)

gained the 1CU chromosome of Ae. ovata, differed from the recipient 
(T. aestivum) species in their slight downiness, somewhat harder glumes and 
more fragile ear rachis.

Abnormalities in cell division can mostly be observed in monosomic addition 
lines. Aneuploid lines of this sort are often not constant, segregating into 
disomic and monosomic plants after self-fertilisation, the former type being 
predominant. Reduced plants (2n=56) of the allopolyploid T. aestivum x 
T. timopheevii, for instance, were still not completely balanced cytologically 
even in the Fs. On average, univalents were found in 96.5% of the plants 
examined. The number of univalents was two in 31.1% of cases, four in 35.6%, 
six in 17.2% and 8-10 in 10% (Belea, 1976). Abnormalities in cell division were 
observed far less frequently in plants with the addition of the 1G or 6G 
chromosomes of T. timopheevii. This can probably be attributed to the fact that 
these chromosomes are homologous with one of the chromosomes of common 
wheat.
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4.5.3 Chromosome substitution

This term is used when one or more chromosomes are exchanged for a similar 
number of chromosomes from the recipient species (alien substitution lines) In 
this case the chromosome number does not change. Geneticists are fa™har 
with this phenomenon since the work of Kattermann (1936) who replaced 
5A chromosome responsible for the speltoid character of wheat by a rye 
chromosome carrying a gene for hairy neck. O’Mara (1974) also noted that in 
the progeny of certain 2n = 44 addition lines, where weak asynapsis was ob­
served a pair of wheat chromosomes was lost. Consequently, in these plants; a pair 
of wheat chromosomes was exchanged for a pair of rye chromosomes (the 6B 
chromosome of wheat). Plants which were nuhisomes for the 6B chromosom 
exhibited complete male sterility and partial female fertility. By contrast, the 
substitution lines were completely fertile and viable, which means that the rye 
etam— were able to take over some of the functions of
of wheat chromosomes. In addition to the gene responsible for the hairiness 
characteristic of rye, a gene for dwarfness was also located on this chromosome 
In^xperiments carryout by Jones-Jens™ (1954) fertile plants »t“' 
straw length and hairy straw also segregated; in these plants only the chro 
mosome section responsible for hairiness was substituted, not that bearing the 

^±^938) substituted the chromosome coding super-sensitivity to the 
tobacco mosaic virus from Nicotiana glutinosa into N tabacum by back-crossing 
the allopolyploid of the two species to various cultivars of Ntabacum The 
super-sensitive response determines resistance to the virus, leading to the de­
struction of the virus. After repeated back-crossing of J®
nhenotvpes to N. tabacum, constant homozygotic forms with 48 chromosomes 
were obtained, which were identical to the recipient species in every respect, 
excent for their response to the tobacco mosaic virus.

Chromosome substitution lines are likely to be of use m interspecific crosses 
where the parental species possess valuable economic characters and the loss o 
undesirable linked characters is not particularly difficult to achieve.

Since the work of Kattermann, a large number of substitution lines have been 
produced containing valuable economic characters from some related or alien 
?necies Riley et al (1968) substituted the 2M chromosome of Aegilops comosa, 
responsible for resistance to yellow rust, for the 2A, 2B and 2D chromosomes 
of mono-Chinese Spring. These plants were viable and fertile only differing 
from the recipient species in grain size and ear type. Sears (19/4,wu) suo 
stituted the 3Ag chromosome of Agropyron elongatum for the 7D chromosom 
of common wheat. By means of chromosome exchange, the leaf rust resistance 
°f“” r ™s introduced Bakshi-Schlehuber

H958) Knott (1964). As regards their viability and fertility, these plants 
equivalent to wheat. Similarly valuable lines were obtained when ^^rnng 
favourable properties of the species Nicotiana glutinosa and N. plumbiginifoha 
into N. tabacum by means of substitution.
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I. T. aestivum F timopheevii

F1

amphiploid

ABD

ABD

D G

D G

A G

AG

reduced amphiploid 

(2n = 56)

A B D G 

A B D G^

II. 7? aestivum

ABD

ABD

F.

amphiploid 

A B D G 

A 0 D G

self-fertilised

reduced 
selected 
constant 
lines

A A B B D D G

A A B B D D G

ABD

AGO
2111 2811

A B. D G_ 

A B D G

A B D

ABD

ABD
G 0 D

14n+ 141 (0-7 B,G) 

14n + 141 (0-7 Ai G)

ABD

disease- 
susceptible

14“+14* (0—7D. G)

X

A A B

A A B

A A B D G

X

A A B B D D G

A B G

disease-resistant substituted plants

Fiy. 52. Outline of the production of substituted plants by means of selection from the 
combination (7. aestivum x T. timopheevii allopolyloid) x T. aestivum (Belea, 1976)

After back-crossing reduced (2« = 56) allooctoploid lines of T. 
aestivum x T. timopheevii to T. aestivum, followed by self-fertilisation, Belea 
(1976) selected disomic substitution plants which were disease resistant (Fig. 
52). These plants, too, were only slightly different from the recipient species. The 
presence of the alien chromosome was primarily indicated, as a phenotypic 
marker trait, by the disease resistance. This is due to the fact that the 1G 
chromosome of T. timopheevii, as mentioned previously, is able to take over 
several of the functions of the missing chromosome from common wheat The 
results can only be regarded as completely satisfactory if the recipient species
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species 
species 
species

chromosome
Fig. 53- Substitution of an alien chromosome with the aid of mono-5B (Bhowal, 1979)

s-iins a new character without any disturbances in meiotic cell division. Due 
the relatively weak asynapsis and the segregation of the univalents, garnet 
containing 21 chromosomes were formed, in which case the chromosome pair­
ing was ^0 (T aestivum) + 1 (T. timopheevii). After fertilisation of these gametes 
wkh the ?1 chromosome T. aestivum species, alien monosomic substitution lines 
were found among the progeny (20" T. aestivum + 1 > T. timopheevii. Amongt 
orogeny only the disease resistant plants were back-crossed, as a resuit o 
which disease resistant wheat lines were obtained. These Pla"ts c" 
1G or 6G chromosomes of T. timopheevii in place of the 2D or 6B chrom 

^The^ieTchromosome is generally exchanged for a specific^hromosome^ 
This is understandable, since very few wheat chromosomes are in such close 
relationship with their homoeologous partners that two extra doses of one can 
completely^make up for the loss of the other. In some cases the alien chro­
mosome can be replaced not by all the members of the genome group, but on y 
bv one or two of the chromosomes.

Polvoloidy alien chromosome addition and substitution, and induced tra s 
location and recombination are all suitable for the transfer of major economic 
characters from the wild species of the related genera (Aegilops, Agropyron, 
sS HaSda, Ely,™) of (ho Trdid™ family into cultivated species, 
Us^ng an improved method. Bhowal (1979) promoted the substnutton and

179



recurrent 
species

chromosome

disomic line substituted 
with alien chromosomes

monosomic line substitute 
with an alien chromosome

Fig. 54. Substitution of chromosomes from an alien species with the aid of monosomic lines and 
polyploidy (Bhowal, 1979)

recombination of alien chromosomes through the use of mono-5B Chinese 
Spring (Fig. 53) and by means of polyploidy (Fig. 54).

The substitution of alien chromosomes may also facilitate crossing-over 
between two homologous chromatids. The genes involved may be useful mark­
ers in the compiling of chromosome maps. Aneuploid lines created artificially 
or occurring spontaneously in nature may play an important role in increasing 
the variability of evolution.

4.5.4 Haploidy

In nature, plants with monoploid chromosome sets are found extremely rarely 
In such cases the chromosome set consists of a single genome (complete haploid 
gene set). In plant organisms of this type, meiosis is irregular, because there are 
no homologous chromosomes. This means that the gametes formed have dif­
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ferent chromosome numbers. Although haploidy is mainly of theoretical impor­
tance, its practical value is gradually being recognised, since even today it may 
lead to significant results. According to data in the literature, haploidy can be 
used for:

(a) the production of pure homozygotic lines, with the help of which the time 
required to produce the inbred lines used in producing hybrid maize, for 
example, can be substantially reduced,

(b) the highly successful analysis of chromosome pairing affinity in polyploid 
plants; _

(c) research into the cell genetic structures of species,
(d) the study of traits inherited only from the male parent;
e) the alteration of reproduction forms (e.g. from sexual to asexual etc.);

(f ) research into evolution genetics (the breaking down of polyploid plants 
into basic genomes followed by rediploidisation).

Haploids can be produced in various ways:
(a) induced by interspecific crossing;
(b) in anther or pollen cultures;
(c) by physical (heat, light) or chemical treatment,
(d) by delayed pollination treatment, etc.
In the present case, only haploid plants produced through interspecific and 

intergeneric crosses will be discussed. .
Hanloid plants have been successfully produced by means of interspecific and 

intergeneric crosses in a considerable number of plant genera (Datura, Nico-

Outline of the production of haploid plants from the cross Hordeum vulgare x Hordeum 
bulbosum (Symko, 1969)

Table 62.

No. of days 
after 
castration

Hordeum vulgare $ 2n = 2x — 14 
Castration

Hordeum 
bulbosum $
2n = 2x=14 
Application 
of fresh 
pollen

2

3-5

14-16

22-28

40-50

Pollination
GA, treatment: one drop of 75 ppm GA3 on the flower 
every 2-3 days
Excision; raising in in vitro embryo culture in the dark at 
max. 22°C
Transfer of individual embryos to 12-hour illumination at 
max. 22°C
Treatment of young seedlings (in the 2-3 leaf state) with 
0.1% colchicine solution for 5 hours; planting out to 
growing site __________________________ _

with fresh 
pollen
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Table 63.
Production of haploids in crosses between Hordeum and other plant species by means of 

chromosome elimination

Plant species and 
polyploidy level

Type of progeny 
obtained

Fre­
quency Authors

H. leporinum (4x) x H. vulgare (2x)

H. bulbosum (4x) x H. secalicum (4x)

H. arizonicum (6x) x H. bulbosum 
(2x)

H. arizonicum (6x) x H. vulgare (2x)

H. lechleri (6x) x H. vulgare (2x)

H. jubatum (4x) x H. bulbosum (2x)
H. vulgare (2x) x Secale cereale (2x)

H. brachyantherum (4x) x
H. vulgare (2x)

H. depressum (4x) x
H. bulbosum (2x-4x)

H. depressum (4x) x H. vulgare (2x)

Ae. crassa (4x) x H. bulbosum (2x)

H. leporinum (4x)
H. vulgare (2x) 

hybrids with H. 
bulbosum (2x) 

H. arizonicum (3x)

H. arizonicum (3x) 
hybrids (4x)

H. lechleri (3x)
hybrids (4x)

H. jubatum (2x)
H. vulgare (x)

hybrids (2x)

18

24
1
2
2

1-4

2

1

SUBRACHNAMYAM, 1979

Cauderon-Cauderon, 
1956

Islam-Sparrow, 1974

Islam-Sparrow, 1974

Rajhathy-Symko, 1963

Rajhathy-Symko, 1963
Kruse, 1967

SUBRACHNAMYAM, 1979

Shigenobu-Sakamoto, 
1981

Nakamura et al., 1981

tiana, Oryza, Hordeum, Zea, Triticum, etc.). This is primarily of importance in 
the production of basic stock for the restoration of combining ability and 
fertility. Jorgensen (1928) was probably the first to produce a haploid using this 
method in a cross between Solanum nigrum and S. luteum. Later, in the Solana- 
ceae family, a polyhaploid of 5. tuberosum was produced by pollinating with 
pollen from the diploid 5. phuraja. Yerk-Peloguin (1987) used callus cultures 
taken from wild Solanum species to carry out numerous crosses between S. 
tuberosum haploid and wild Solanum species for the purpose of germ plasm 
transfer. Pissarev-Vinogradova (1945) obtained monoploid barley from a 
combination of Hordeum vulgare and Elymus arenareus. Davies (1958) used an 
in vitro technique to raise dihaploid plants of Hordeum bulbosum (4x) and 
H. vulgare (Table 62).

A cross between these latter barley species was first made in 1934 by Ku- 
CKUCK. Later, a very high frequency (90-100%) of haploid plants was obtained 
in this combination. Numerous researchers, including Kao-Kasha (1969), 
Kasha—Kao (1970), Lange (1971), Jensen (1972), Symko (1969), etc., produced 
haploid cultivated barley through the elimination of the H. bulbosum chro­
mosomes (Fig. 55) using the method described in Table 62. Fired by this success, 
researchers later selected haploids from crosses between species from other plant 
genera and other Hordeum species (Table 63).
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gamete crossing

(V X B) or (B X V)

chromosome 
elimination

Fig. 55. Outline of the production of haploid barley by means of chromosome elimination with 
the aid of embryo cultures (Jensen, 1972)

Production of haploid Triticum plants from various Triticum x Hordeum crosses 
(Finch-Bennett, 1982)

Table 64.

Female parent Male parent
Plant 

number%*
Authors

T. aestivum 6x H. vulgare 2x 2 0.0 Islam et al., 1976
5 0.0 Fedak,1980

20 15.0 Islam et al., 1981
27 9.1

T. aestivum 6x H. bulbosum 2x 11 100.0 Barclay, 1975
H. bulbosum 4x 59 100.0 Barclay, 1975
H. bulbosum 2x + 4x 223 99.1 Miller-Chapman, 1976

293 99.3

conv. durum 4x H. vulgare 2x 2 100.0 Shepherd-Islam, 1981

T. timopheevii 4x H. bogdanii 2x 1 0.0 Kimber-Sallee, 1976

H. vulgare 2x T. aestivum 6x 75 0.0 Clauss, 1980
67 0.0 Islam et al., 1976
21 0.0 Kruse, 1973

8 0.0 Mujeeb et al., 1980
1 0.0 Thomas et al., 1977

15 6.7 Fedak, 1980
187 0.1

H. vulgare 2x conv. durum 4x 6 0.0 Thomas et al., 1977
T. timopheevii 4x 1 0.0 Cauderon et al., 1978
ssp. dicoccum 4x 6 0.0 Kruse, 1973
T. monococcum 2x 1 0.0 Kruse, 1973

H. chilense 2x T. aestivum 6x 16 0.0 Martin-Laguna, 1980
conv. durum 4x 11 0.0 Martin-Laguna, 1980

H. pusilium 2x T. aestivum 6x 2 0.0 Finch-Bennett, 1980

* where 100% is the number of pollinated stigmata
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In the case of wheat, the frequency of female haploidy was raised to 30-100% 
in certain species combinations. In wheat lines of the cultivar Salmon, for 
example, which possess the cytoplasm of Aegilops caudata, the haploid fre­
quency was almost 50%, while in T. aestivum* Hordeum bulbosum (2x-4x) 
crosses, haploid plants were selected with a frequency of 99.3% (Table 64).

Magoon-Khanna (1963) report on 40 haploid plant derivatives originating 
from various interspecific crosses, such as Nicotiana sylvestris x N. tabacum, 
Solanum chaucha* S. tuberosum, etc. Sharp (1934) was able to select haploid 
plants from the combination Tripsacum dactyloides x Euchlaena mexicana. 
Murray (1980) first selected haploid lines from a cultivar population of flax 
(Linum usitatissimum), then crossed the individual plants with the original 
diploid cultivar in order to select further aneuploid (triploid) plants.

According to observations made by Martin-Chapman (1977), chromosome 
pairing was better in the Fj hybrid of Hordeum chilense x Triticum aestivum 
than in the haploid Chinese Spring cultivar. In the hybrids, 5u+lni were 
observed during meiosis (Table 65). In the haploid plants a low frequency of 
bivalents (0.24 on average) was found.

By means of chromosome mapping it became possible to determine the 
chromosomal location of several characters in a number of plants (e.g. maize, 
barley, wheat, etc.). In wheat, chromosome mapping can be carried out fairly 
easily with the aid of a telocentric series of chromosomes. If the centromere is 
used as a marker, it is possible to determine the distance from the centromere.

Table 65.
Chromosome pairing in meiosis in Hordeum chilense x T. aestivum and haploid Chinese Spring 

(after Martin-Chapman, 1977)

Designation No. of cells
Univalent Bivalent Tri valent

chromosomes

H. chilense x
T. aestivum hybrid
Haploid Chinese Spring

60
240

23.67 
(17-28) 
20.52 

(17-21)

1.97 
(0-5) 
0.24 
(0-2)

0.13 
(0-1)

Interspecific hybrids and allopolyploids are extremely useful in determining 
the chromosomal location of various characters. Rowland-Kerber (1974) 
used the synthetic hexapioid Tetra Canthatch x Aegilops squarrosa (AABBDD) 
and telocentric Chinese Spring wheat lines to locate brown glume colour (Rg2) 
on the ID chromosome, waxiness (W2) on the 2D, red coleoptile colour (Rc3) 
on the 7D, leaf rust resistance (Lr21) on the ID and the leaf rust resistance of 
the mature plant (Lr22) on the 2D chromosome.
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4.5.5 Polyploidy

It has long been observed by naturalists (geneticists) that in the course of 
domestication, animals and various types of plants increase in size. In a similar 
manner flower, vegetable and fruit growers have noted that new, long-flowering 
ornamentals with dazzling colours (primulas, mses, hyacinths etc.), better­
looking, more flavoursome pomiferous and berry fruits vegetables with im­
proved flavour and quality, cereals (wheat, oats, sorghum) and grasses, etc. wit 
substantially more valuable economic properties (easy to thresh, greater yield 
potential, high adaptability, etc.) are mostly polyploids, since they form natural 
nolvploid series (Table 66).

Polyploidy is rare in gymnosperms and in many woody angiosperms. Co - 
siderablv more polyploid species are found among the perennial soft-stemmed 
angiosperms, while they are most frequent among the algae, where organisms 
with the highest polyploid levels are to be found. Roughly a quarter to a third 
of flowering plant species are polyploids, i.e_ they contain several gen^o

According to Kostoff (1943), there are far more species with 40 or more 
chromosomes among the cultivated plants than among the wild^pecies^ is 
would seem to indicate that polyploidy has a favourable effect in the formation 
of valuable characters in cultivated plants. In the 30 major crops used for huma

Polyploidy series of some major crops (after Oehler, 1956)
Table 66.

X. Basic chromo- 
some num- 

Poly- \ ber

Genus

Poa Bromus Prunus Rubus Fragaria

ploidy \
level x. n = l n = l n = 8 n=7 n = 7

Diploid P. trivialis B. sterilis P. persica R. odoratus F. vesca

P. Chalixi B. tectorum P. mahalab R. idaeus F. coIliana
B. arvensis P. avium R. xanthocarpus F. californica

P. armeniaca
P. amygdalus

R. Ulmifolius

Triploid P. palustris P. avium nana
P. spinosa

R. recurvans
R. canadensis

F. orientalis
Tetrapioid P. palustris B. maximus P. padus R. caesius

P. nemoralis B. secalius P. cerasus R. loganobaccus
P. fruticosa
P. spinosa

R. laciniatus

R. loganobaccus
R. macropetalusPentapioid 

Hexapioid
P. compressa 
P. nemoralis B. erectus

P. spinosa
P. spinosa F. elatior

Heptapioid 
Octoploid

P. compressa
B. inermis
B. carinatus
B. ciliatus

P. triloba * F. virginiana 
F. chiloensis 
F. grandiflora

Polyploid P. glauca
P. pratensis P. laurocerasus 

2ti = 84
R. macropetalus 

2rc = 84

F. glauca
F. indica

2zt = 84
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Table 66. (continued)

\Basic chromo-
\ some num- 

Poly- \ ber 
ploidy 
level

Genus

Agrostis Alopecurus Malus Solanum Vaccinium

n = 7 « = 7 n=17 n=12 n=12

Diploid

Triploid

Tetrapioid

Hexapioid

Heptapioid 
Octoploid

Polyploid

A. Bieber - 
steiniana
A. elegans
A. interrupta

A. alba
A. vulgaris
A. verticillata

A. planifolia 
A. hissaira
A. gigantea

A. borealis

A. aequalis

A. utriculatus 
A. amurensis

A. pratensis 
A. ventricosus 
A.mucronatus

A. vaginatus 
A. textilis 
A. glacialis 
A. boralis 
A. alpinus

M. amurensis

M. baccata
M. floribunda
M. pumila
M. bracteata
M. lancifolia

M. coronaria 
M. glabrata
M. tirongo

S', chacoense

S. polyadenium
S. ajannuiri, etc.
S. maglia
S. tenuifilamentum 
S. mamilliferum, 
etc.
S', tuberosum
S. andigenum, 

etc.

S', demissum

V. myritillus

V. vitis-idaea

V. uliginosum 
f. genuina 
f Corymbosum 
1'. htrsutum 
V. virgatum 
V. pallidum

consumption and animal feeding, there is a substantial increase in the car­
bohydrate, fat, vitamin and protein contents as the level of polyploidy rises. 
These naturally occurring polyploids drew the attention of breeders to the fact 
that plants of similar value could perhaps be produced artificially. In nature, 
new species are still being formed by polyploidisation as the result of external 
climatic factors.

It was also noted that the diploid species were adapted to a specific environ­
ment. Allopolyploids, on the other hand, which contained genomes from species 
with various ecological requirements, were much more adaptable. Stebbins 
(1947) attributed this phenomenon, which provides plentiful opportunities for 
selection, to the increased size of the organism, others to the larger number of 
genes. If a population finds itself in completely new environmental and ecologi­
cal conditions, only the most vital individuals will survive, while the rest die off.

Vida (1974), too, considers polyploidy to be one of the most significant events 
in chromosome evolution and raises the question of whether polyploidy is only 
of importance in the formation of lower taxa (sub-species, species, perhaps 
genera), or whether it may also have played a role in macro- or even mega-evolu-
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tion Despite the fact that, from the phylogenetic point of view, it played an 
important role in the origin of species, there does not seem to be any direct 
correlation between the level of phylogenesis and the frequency of polyploidy. 
The artificial production of new allopolyploids and autopolyploids also makes 
it possible for new species to be formed.

4.5.5.1 Induction of polyploids

When these facts were recognised, there was a substantial rise in the number of 
breeders attempting to use this method and the number of geneticists dealing 
with evolution research, and they have applied numerous techniques and chemi­
cals to create polyploid plants. One method of inducing polyploidy, which was 
previously the most widespread, was a sudden change in the temperature. In 
nature, too, this is a factor which generally causes polyploidy. Michaelis (in 
Gyorffy, 1939) prevented meiosis from taking place in Epilobium and Oeno­
thera by applying a temperature of -4° C. Stow (in Gyorffy, 1939) observed 
abnormalities in cell division in Solanum tuberosum at 27-30° C, when diploid 
pollen is formed in place of the normal haploids due to the failure of the 
homologous chromosomes to pair.

Sudden changes in temperature from cold to hot or vice versa proved to be 
more effective in doubling the genomes than constant cold or hot treatment. 
When treating bulbs of Tulipa and Narcissus in this way a fairly high percentage 
of diploid, tetrapioid and sterile pollen was obtained (the ratio of polyploid 
pollen was often greater than 25%). In Petunia violacea Matsuda (1936) ob­
served an increase in the number of giant pollent grains if the budded shoots 
were kept at 10-13° C prior to treatment at 40° C. According to Brieger, (1929) 
the meiosis of Nicotiana could only be influenced by extreme changes in tem­
perature (2-35° C). .

Temperature fluctuations occurring in nature may also induce the formation 
of giant pollen, as experienced by Stow (in Gyorffy, 1939) in Solanum 
tuberosum.

Considerably greater importance is attached to the doubling of the chro­
mosome sets in the cells of the meristem, the dividing cells of the plant, from 
which tetrapioid shoots develop. This can be achieved most reliably by carrying 
out treatment on the proembryo, during the first division after fertilisation. 
Randolph (1932) placed the ears (spadix) of maize in water at 43-45° C 30 
hours after pollination, thus inhibiting the normal process of proembryonic 
division. In this way, tetrapioid forms were produced. In a similar manner, 
Dorsey (1936) obtained amphiploids in wheat-rye hybrids. These methods 
result in tetrapioid seeds in plants where both fertilisation and the first somatic 
cell division producing the proembryo take place relatively quickly.

In plants with good regeneration ability, the formation of polyploid organ­
isms may easily be initiated from scar tissue forming on cut stems (Solanum 
genus). Jorgensen (1928) was able to obtain tetrapioid shoots, in addition to 
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normal shoots, from the callus tissue of cut stems with absolute certainty. A 
classical example of polyploidy induced by regeneration was described by 
Wettstein (1933) in the case of bryum.

Polyploidy can also be achieved using chemicals. Treatment with chloral 
hydrate, for example, was used by Nemec as long ago as 1940 to disturb the 
normal process of cell division. With the exception of mosses, however, this 
chemical only resulted in partial tetraploidy (so-called chimeras). Kostoff 
(1933) demonstrated the presence of tetraploidy in plants suffering from viral 
diseases, and Wipf-Cooper (1938) in plant tumours. This is probably induced 
by changes in viscosity due to alterations in the metabolism or possibly to the 
formation of special biochemical substances, preventing the chromosomes from 
migrating to the two poles. Numerous other compounds are also employed, 
including dinitrogen oxide, acenaphthene, phenyl urethane, cyanide, azide, etc., 
of which the latter inhibits oxidation, while others obstruct the processes supply­
ing energy for mitosis. They thus prevent mitosis from taking place, but do not 
influence chromosome duplication.

Substances which inhibit mitosis and meiosis are generally referred to as 
mitotic poisons. Those chemicals which also occur in tissues under natural 
conditions are endogens, while those which are introduced from outside are 
exogens.

Mitotic poisons can be classified according to their chemical structures, their 
effects and their possible action mechanisms. The chemical may inhibit one 
particular phase of mitosis or the whole mechanism of mitosis. It may affect one 
or more mitotic mechanisms, such as the cell membrane cycle, chromosome 
spiralisation, the operation of the centromere, the formation of the spindle, the 
movement and duplication of the chromosomes, the protein metabolism or the 
processes supplying energy for mitosis and meiosis.

Although many methods and chemicals are known for the induction of 
polyploidy, as a result of which polyploid plants have been produced, often 
with a frequency of over 30%, even the best of the previously applied methods 
was uncertain due to the clumsiness of the treatment, and did not become 
widespread. Great changes were brought about by the introduction into general 
practice of a new chemical, colchicine. This compound, an alkaloid found in the 
plant Colchicum autumnale, was first applied in 1934 by Dustin and Havas (in 
Chodkowski, 1937) in mammal genetics. The method was later perfected by 
Blakeslee-Avery (1937). These authors were the first to prove that colchicine 
also induced significant changes in the process of plant cell division (Dustin et 
al., 1937). Colchicine treatment can be carried out on seeds, seedlings or older 
plants. Dry seeds can be germinated in a 0.02-0.05% solution. Since colchicine 
intensely inhibits growth, the growth of the radicle is also greatly inhibited and 
60-70% of the plants are generally destroyed. Depending on the plant species 
to be treated, a 0.2-2.0% concentration of colchicine can be dripped onto the 
growing tip or injected into the tissues close to the growing tip. The compound 
can also be used in the form of an ointment, causing the cells of the vegetative 
tip to turn polyploid.

188



Treatment is more effective if the colchicine solution is combined with 10 mg/ 
dm3 gibberellin, in which case the growth-inhibiting effect of colchicine is 
counteracted by the GA3, so that a higher percentage of the population survives. 
This is particularly important if the solution is used in higher concentrations. 
A rise in temperature promotes polyploidisation.

Another way of improving efficiency is to dip the tips of young seedlings into 
the solution when the first leaves begin to appear. In many plants the cotyledon- 
ous stage lasts for a long time, the initiation of shoot growth being very 
sluggish. In the same way, any intensely developing branch of the mature plant 
can be dipped in colchicine solution. The effectiveness of the treatment can be 
improved if, prior to dipping, the side branches and some of the leaves are 
removed, so that growth is concentrated in the treated branch. By keeping 
shoots of Portulaca in a 0.025% solution for a day, Blakeslee-Avery (1937) 
obtained tetrapioid tissue. A polyploid effect can also be induced if only the 
growing tip is treated with colchicine solution. To this end, young, densely 
packed leaves are cut open to reveal the growing tip and this is treated with 
drops of a solution varying in concentration depending on the plant species. In 
some plants, such as flax, one or two drops are sufficient, while in others 
treatment may have to be repeated, possibly for several days. In the case of stiff, 
woody branches, a glass tube filled with agar containing colchicine can be pulled 
onto the branch, or the cooled agar can be dripped onto the growing tip before 
it solidifies. The growing tip of the shoot can be spread with a lanoline paste 
containing colchicine, though this has the disadvantage that the colchicine 
diffuses out of the paste with difficulty and it is impossible to know what 
concentration is acting.

Polyploidy may cause phenotypic changes affecting either the whole plant or 
only part of it. The most characteristic morphological, physiological, histologi­
cal and cytological changes are as follows:

Dustin et al. (1937) reported that at low concentrations (0.000 025%) seed­
lings developed more intensely, while higher concentrations (0.0005%) caused 
slower root growth, shorter roots and hypertrophic swellings on the root tip. 
The younger the plant, the more pronounced this hypertrophy is. If the root is 
put into water, tumour formation ceases, but if it is put into colchicine again, 
a new tumour forms. If this alternation is continued, the root will eventually 
look like a string of beads.

One characteristic change in seedlings after treatment is the swelling of the 
stem below the cotyledon (the hypocotyl). This is a sure sign that polyploidy 
has been induced. If the concentration is too high, the plant ceases to develop 
and finally dies off. The percentage destruction can be reduced by after-treat­
ment with heteroauxin.

Since it is very rarely possible to turn the whole of the growing tip into a 
tetrapioid, the plant will generally be a mixochimera, very varied, often distort­
ed in form due to the fact that the tissues have different chromosome numbers. 
The leaves are often thicker, with a rough surface (Petunia, Hyoscyamus), 
shinier (Capsicum) or, as in young leaves of flax, intensely swollen around the 
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growing tip, so that after a few days the treated growing tip resembles a 
houseleek (Sempervivum). The diploid and tetrapioid tissues of chimera-type 
leaves can also be distinguished by the size of the stomata.

Often the side shoots also contain diploid-tetraploid chromosome numbers. 
It is advisable to remove non-polyploid branches, so that the plant is forced to 
develop the polyploid branches more intensively. Gigantic growth can frequent­
ly be observed, with thickened stems and often larger flowers, too. The in­
dividual flowers of Vicia and Antirrhinum are closer to each other due to a 
shortening of the internodes. Anomalies may also occur in the meiosis of 
tetrapioid pollen mother cells, leading to the creation of hypo- and hyperdiploid 
or even haploid pollen grains. Great changes are also observed in the size and 
shape of the pollen.

Colchicine may prevent the normal course of several consecutive cell divi­
sions, in which case polyploid cells with 4n, in or 16n chromosomes may arise. 
The formation of octoploid (8») cells is extremely frequent.

Several researchers have investigated the action mechanism of colchicine. 
This compound modifies the life cycle of the cells in the M phase of metaphase 
by preventing cytokinesis, i.e. the formation of the spindle, or by disturbing the 
functioning of the spindle. This effect is known as C-mitosis, since the majority 
of polyploid plants are produced using colchicine. The effect of colchicine on 
the nuclear spindle leads to various degrees of obstruction to the division of the 
chromosomes in metaphase and anaphase. Since it does not harm chromosome 
duplication, it can be used to produce polyploids. In some cases multi-polar 
spindles, the destruction of progeny cell nuclei or aneuploidy may be induced. 
Despite the C-effect, the chromosomes continue their spiralisation cycle and the 
two chromatids may shorten and repel each other, but the centromeres remain 
connected to each other. Thus, if treatment is to be successful, it is important 
to know what state the cells are in during treatment. The time required for the 
cell cycle, which differs in different plant species, can be determined experimen­
tally. In wheat, for example, the minimum length of the M phase of the cell cycle, 
until the first telophase of meiosis, is five times as long as in the root meristem 
(12.5 h). Similarly, the premeiotic DNA synthesis takes four times as long (15 h) 
as the S phase in the cells of the root tip (3.8 h).

Properly synchronised systems may be useful in various physiological, bio­
chemical and genetic analyses, not to mention the production of induced poly­
ploids and mutants. It is very important for as many cells as possible to enter 
the mitosis stage during colchicine treatment. In the case of an adequately 
synchronised system the vast majority of the cells in the treated tissues will be 
at the same polyploid level, thus increasing the efficiency of polyploid produc­
tion. Cell division can be synchronised by means of various chemicals, e.g. 
5-aminouracyl. This work will be successful if the conditions before and after 
treatment are suitable for rapid, continuous growth.

Twelve hours after colchicine treatment the cell cycle enters its first phase, and 
then the second and third phases. Forty-eight hours later abnormal mitosis may 
be observed among the scattered chromosomes in metaphase. Normal cell 
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division is not restored for three days. As the result of colchicine treatment, 
chromosomes in metaphase can be found scattered round the cell. This is 
followed by the merging of certain chromosomes, resulting m the formation of 
micronuclei which later merge. At this stage the cells are multmuclear This is 
often followed by abnormal mitosis with a partially inactive spindle. In the end, 
mitosis ceases completely. In the case of higher concentrations or a longer 
treatment time, normal mitosis is not restored at all. the chromosomes are 
dissolved and appear in the cytoplasm in the form of intensely staining nucleic 
acid drops. The disappearance of the nucleic acid leads to the destruction of the 
cells If the whole plant is exposed to colchicine treatment for a lengthy period, 
the plant will be destroyed. It is a general observation that there is an inverse 
correlation between colchicine concentration and treatment time (ElGSTl, 1938). 
Better results are obtained when lower concentrations are applied for a longer 
period than when high concentrations are used for a short period, since in the 
latter case a larger percentage of the plants are destroyed.

4.5.5.2 Types of polyploids

Polvnloids are cells (organisms) in which the cell nuclei contain 3 or more genomes^ A genome is the genetic material of a chromosome set with the baste 
chromosome number characteristic of a group of related species, and is denoted 
hv x Polvnloids are euploid plants with a larger number of complete genomes. 
D.ploW two identical genomes (AA), autotriploids three
(AAA) autotetraploids four (AAAA), etc. From a physiological point of view 
ihe chromosome number is denoted as a, 2a, 3a, 4a, etc. and from a phylogenetic 
point of view as x, 2x, 3x, 4x, etc. as follows.

monoploid 
diploid 
triploid 
tetrapioid 
pentapioid 
hexapioid 
heptapioid 
octoploid

n- x = 7
2n = 2x = 14
2n = 3x = 21
2n = 4x = 28
2n = 5x = 35
2n = 6x = 42
2„ = 7x = 49
2n = 8x = 56, etc.

The symbols n and 2n indicate the chromosome numbers of the reduced 
(gamete) haploid and the double-diploid organism. The majority of plant 
organisms have different basic chromosome numbers. Rye, wheat, oats and peas 
have an n value of 7, for instance; hyacinths 8; fodder and sugar beet and 
chrysanthemums 9; maize and sorrel 10; potatoes, tomatoes and tulips 12 etc. 
In some genera there are two or more basic chromosome numbers each of 
which has a corresponding diploid and often a polyploid senes. Examples of this 
are Vicia' x = 6 7(2x= 12, 14); Allium: x = 2, 8 (2x- 14, 16, 4x-28, 32, 6x 42, 

8x = 64); Nicotiana: x = 8, 9, 12. The haploid chromosome number of Crepis 
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may be 3, 4, 5, 6, 7, 8 or 9, while in Iris the basic series range from 8-24, with 
the corresponding diploid numbers.

A multiplication of the chromosome number may lead to the origin of 
polyploids which are extremely varied from the point of view of genetics and 
cytology. Depending on whether the genomes are identical or different, orga­
nisms arising due to the multiplication of the chromosome number are referred 
to as auto- or allopolyploids. Autopolyploids are the polyploid progeny of 
individuals with identical genomes. In this case the organism contains only one 
type of genome. This type of polyploid may originate through the duplication 
of the chromosome sets of somatic tissues as the result of inhibited cytokinesis 
or through the formation of gametes without a reduction in the chromosome 
number. Thus, the doubling or multiplication of the chromosome number 
occurs within the chromosome set of the same plant (e.g. T. monococcum: 
2n = 14; genome A, and autotetraploid T. monococcum: 2n = 28; genomes AA).

Autotetraploids can be produced relatively simply by inhibiting the formation 
of the mitotic spindle during anaphase (e.g. using colchicine). These plants 
usually have more intense development, but they are less fertile than the original 
diploid forms. This was found, for example, by Belea (1969b) in the case of 
an autotetraploid of T. monococcum (2n = 28). These plants could be crossed 
with common wheat far more readily than diploid T. monococcum, making it 
possible to transfer the disease resistance of this species into cultivated wheat. 
Similar results were reported for other plants. In crosses between diploid Sola- 
num polyadenium (2n = 24) or S. chacoense (2n = 24) and 5. tuberosum (2n = 48), 
for example, little or no seed setting was obtained (1.2 seeds per fruit), whereas 
the autotetraploids of the former two Solanum species could be crossed far more 
successfully with S', tuberosum (30.6 seeds per fruit). Crossing was also more 
successful in the case of dihaploid (2m = 24) and tetrapioid (2m = 48) potato 
species, or when the autotetraploid form of Lycopersicon esculentum was used 
in crosses with L peruvianum instead of diploid L. esculentum. It proved possible 
to select virus-resistant, high-yielding lines from the former combination 
(Kleinhempel-Themann, 1987). This phenomenon may also occur in nature, 
when spontaneous hybrids arise through crosses with autotetraploid species, 
in cases where they could not have been formed with the original diploid form.

If autotetraploids are duplicated they give rise to autooctoploid cells, which 
are rarely viable. If the autotetraploid plant is crossed with the initial diploid 
form, autotriploids are obtained (e.g. triploid water melons). In autotriploid 
plants, meiotic cell division is irregular, since the associations of the three doses 
of homologous chromosomes will not be equally distributed in meiosis. This 
leads to the formation of gametes with different chromosome numbers, most 
of which are unviable, and the plant may be completely sterile.

The polyploids of hybrids arising from interspecific and intergeneric crosses 
are known as allopolyploids or amphiploids. These plants are produced when 
the species involved in the cross have two different sets of chromosomes (A and 
B). Even the diploid hybrids contain genomes AB, and have chromosome 
numbers different to those of the parents. A distinction is made between the
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V 

haploid 
(monoploid)

A

xi

x = basic chromosome
number: the roman numerals in the subscript indicate the 

meiotic chromosome pairing

Fig. 56. Outline of the production of various polyploids (Vida, 1981)

allooolvnloids of interspecific hybrids with the same chromosome numbers and 
genomes^ and those of interspecific or intergenenc hybrids with different chro­
mosome numbers and genomes. These latter plants are usually' stable; and the 
orogeny generation do not segregate into the parental types. This cani be 
observed tn the triticale (rye-wheat hybrid) produced by Rimpau in 1891, which 
still has the same habit as that described by Rimpau. The closer the relationship 
between the two parents, the greater the segregation in the progeny and the 
more frequently the chromosome number is reduced.

Since m nature, the genomes become different from each othei as the result 
of gradual evolutional selection, any degree of transition is possible between 
■oito and allooolyploidy. These transitional forms are known as autoal- 
lonolvDloids Certain polyploid plants which were previously thought to be 
autopolyploids later turned out to be segmental allopolyploids. One example 
of this is cultivated potato (Solatium tuberosum), which is now regarded as the 
hybrid of two species (S. stenotomum and S. sparispilum), both of which are 
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polyploids and closely related to each other. The situation is similar for sour 
cherry and, which is a segmental allopolyploid of P. avium (n = 8) and wild 
cherry (P. fruticosa; « = 8).

The origin of various types of polyploids and the expected chromosome 
pairing is depicted in Fig. 56.

Chromosome duplication may also occur if, for any reason, cell wall forma­
tion fails to take place during cell division. In this case cell nucleus fusion is 
observed during meiosis in the Ft of species with different chromosome numbers. 
This explains the origin of Brassica napuscampestris from a cross between 
Brassica napus and B. campestris, that of the hybrids Cucurbita maxima x C. 
moschata and C. pepo^C. maxima (Person et al., 1951), and that of the 
allopolyploid Rosa wilseni from the cross R. pimpinellifolia x R. tomentosa 
(Blackburn-Harrison, 1924). Various allopolyploid species of Nicotiana 
arose in a similar manner, e.g. N. digluta from N. glutinosa x N. tabacum 
(Clausen-Goodspeed, 1925) as did black Argentinian sorghum (Sorghum al- 
mum) from the cross 5. halepense (2n = 40)x1S'. sudanense (2n = 20) (Roberts 
et al., 1970).

Allopolyploids can arise from normal diploid Fj hybrids through the fusion 
of two non-reduced cells. The precondition for this is the formation of non­
reduced gametes, which is found in a very large number of interspecific hybrids. 
A classical example of this is the production of Raphanobrassica from Raphanus 
sativus* Brassica oleracea (Fig. 57), as described by Karpechenko (1928). 
Various allopolyploids of Nicotiana (N. tabacum x N. sylvestris, N. rustica x N. 
paniculata) were formed in the same way, as was Aegilotricum from Aegilops 
ovata x ssp. dicoccoides (Kihara—Katayama, 1931), Playnaldtricum from Triti­
cum turgidum x Haynaldia villosa (v. Berg, 1934), Nicotiana vavilovii from N.

Raphanus sativus 
n = 9, 2n = 18

Brassica oleracea 
n=9, 2n = 18

diploid hybrid 
(sterile Raphanobrassica) 

20 = 18

non-reduced gametes

n=18
self-fertilisation

allotetraploid 

fertile

Raphanobrassica 

n = 18 2n=36

big. 57. Outline of the production of a Raphanus sativus x Brassica oleracea allopolyploid 
(Raphanobrassica) (Karpechenko, 1928)
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glauca*N. langersdorfii (Kostoff, 1938) and a synthetic rape species from 
Brassica rapa x B. oleracea (Rudorf, 1950).

Allopolyploids may also be formed in later stages of development. The species 
Primula kewensis, for example, was produced from a fertile tetrapioid shoot of 
the Fj of P. floribunda x P. verticillata. As the result of heat shock, certain 
shoots and flowers of Nicotiana species hybrids may also turn into al­
lopolyploids (Kostoff, 1938). Jorgensen (1928) obtained allopolyploids of 
Solanum nigrum x S. luteum from the cellus of decapitated shoots.

Allopolyploids may also segregate in the BC3 due to the random distribution 
of chromosomes. In later generations of Brassica rapa x B. oleracea back-crossed 
to B. rapa, plants containing 2« = 38 chromosomes and reminiscent of rape 
segregated (Rudorf, 1950). Within a single sub-tribe Muntzing (1939) 
back-crossed primary Fx hybrids to existing polyploids and produced a new 
allopolyploid of Triticum aestivum* Secale cereale (2m = 56; genomes 
AABBDDRR) when back-crossing Fxs with a non-reduced ovum to triticale. 
Nicotiana rupa also originates from selection in progeny generations of a back- 
cross of the Fj hybrid (2« = 36) of N. rustica (2m = 48) x N. paniculata (2m = 24) 
to N. rustica.

If the diploid species are first autotetraploidised using colchicine treatment, 
then crossed with each other, the Fx plants are allopolyploids with respect to 
the original species. A new Raphanobrassica (McNoughton, 1973) arose from 
a cross between autotetraploid Raphanus sativus and Brassica oleracea, while 
a cross between autotetraploid Brassica oleracea and B. rapa ssp. rapifera 
resulted in an allopolyploid very similar to the male parent, but with a higher 
chromosome number (Olsson et al., 1955).

Some of the more important artificially produced allopolyploids are listed in 
Table 67.

4.5.5.3 Analysis of polyploids

Like pure species, allopolyploids can be easily crossed and back-crossed with 
each other within the same sub-tribe, often not only with the parental species, 
but with other species, too. Haynaldtricum (turgo-villosum) is easily crossed 
with all the cultivars of T. aestivum, T. turgidum, Secale cereale and Triticale. 
The T. timopheevii x Hordeum bogdanii allopolyploid crosses particularly well 
with the female parent (Table 68). In the meiosis of the Fx of this hybrid there 
were 2011, and only 13.90" in the reciprocal cross. Chromosome pairing of 
24.54'+ 1.58"+ 0.10’" was observed in meiosis in the Fx of the allopolyploid x 
Secale cereale.

In many cases, back-crosses to the parents can only be carried out with 
difficulty, if at all. Although the Digitalis purpurea-ambigua allopolyploid can 
be back-crossed to the parents, the progeny are sterile (Buxton-Darlington, 
1931). Raphanobrassica can only be crossed with tetrapioid and octoploid 
species of Brassica and not with the diploid. In this case, the Raphanus chro-
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Table 68.
Chromosome pairing in meiosis in a Triticum timopheevii* Hordeum bogdanii amphiploid and in 

trigeneric Fj hybrids with Secale cereale (after Kimber-Sallee, 1979)

Designation
Uni- 

valent

Bivalent
Trivalent

No. 
of cells 

examinedfragment ring complete

T. timopheevii* 19.05 0.95 0.01 0.96 0.01 100

H. bogdanii F i 13-21 0-4 0-1 0-4 0-1 T-

T. timopheevii x 0.10 1.80 19.15 20.95 — 20

H. bogdanii amphiploid 0-2 0-4 16-21 20-21 — —

Amphiploid* 6.90 0.85 13.05 13.90 0.10 20

T. timopheevii 6-7 0-4 10-14 11-14 0-1 —

Amphiploid* 24.54 1.56 0.02 1.58 0.10 50

Secale cereale 19-28 0-4 0-1 0-4 0-1

mosomes are eliminated and pure Brassica species are obtained (Shahavin- 
skaya, 1937). When back-crossed to Raphanus the Brassica chromosomes are 
lost and pure Raphanus plants are obtained. This allopolyploid also crosses 
easily with the species B. carinata, B. napus, B. pekinensis and B. campestris, 
whereas it can only be crossed with the original parents with great difficulty 
(Karpechenko, 1929). Nicotiana alata is difficult to cross with N. tabacum, but 
the allopolyploid N. debneyi x N. tabacum is easy to cross with N. alata, giving 
fertile progeny (Kehr-Smith, 1952). These crossing data help to illustrate the 
fact that in this way it is possible to create genome connections which would 
otherwise be virtually inconceivable.

Those allopolyploids which arise due to the duplication of the chromosomes 
in somatic cells, rather than through the fertilisation of non-reduced Fx gametes 
or through apogamous development, are generally constant. The genomes of 
these parents are not homologous with each other, i.e. they are not related to 
each other. If, however, homology exists between one or more of the parental 
chromosomes or genomes, chromosome pairing will be multivalent, leading to 
the formation of cells with different chromosome numbers. Numerous examples 
of this can be cited, such as Agropyron x Triticum (Pope-Love, 1952), Nicotiana 
(Kostoff, 1938) or Primula kewensis (Pellew, 1927). Within the Agropyron 
genus the chromosome pairing in the Ft of the allopolyploid Agropyron cur- 
vifoliumxA. repens was 6.01I + 31.36I1 + 0.17I11 + 0.19,v (Dewey, 1981) (Table 
69). This leads to varying degrees of fertility and to morphological differences 
in the progeny. _ , ,

The allopolyploid T. aestivum (ABC) x T. timopheevii (AG), where there is a 
common (A) genome, also has greater fertility than the initial species hybrid due 
to the chromosome duplication. Fertility was poorer for the Aegilops ovata 
(CuM°xssp. carthlicum (AB) allopolyploid, where there are no common 
genomes, and this fertility continued to drop in later generations, particularly 
in the F2 (Table 70).



Table 69.
Chromosome pairing in meiosis in Agropyron curvifolium, A. repens, their Fj hybrid and the 

allopolyploid (after Dewey, 1980)

Combination

Pl
an

t 
nu

m
be

r

C
hr

om
os

om
e 

nu
m

be
r

Chromosome pairing

I II III IV

devia­
tion mean devia­

tion mean devia­
tion mean devia­

tion mean

A. curvifolium 10 28 0-2 0.03 10-14 13.76 0-1 0.003 0-2 0.11
A repens 3 42 0-4 0.24 17-21 20.31 0-1 0.01 0-2 0.28
Fj hybrid 12 35 7-23 14-82 5-14 9.73 0-2 0.20 0-1 0.03
C3 allopolyploid 1 70 0-20 6.02 25-35 31.36 0-2 0.17 0-2 0.19

Allopolyploidisation can also be used to transfer favourable economic 
characters from wild species into cultivated species. It was with this end in view 
that Zsebrak (1944) and Tavrin (1964) produced the allopolyploid of T. aes­
tivum x T. timopheevii, which they named T. borisovii. In this way they hoped 
to transfer the disease resistance of T. timopheevii into common wheat. After 
colchicine treatment and back-crossing to T. aestivum, sesquidiploid plants, 
containing the full chromosome set (ABD) of common wheat and the A genome 
of T. timopheevii, were selected with a frequency of 40% from the 2n = 70 plants 
(Caren ya-Nikolskii, 1966).

T aestivum X I timopheevii

AABBDD 
2n = 42

AAGG 
2/7 = 20

E, hybrid AABDG

2n =35

amphidiploid AAAABBDDGG

2n = 70

Types segregating 
in F2-F3

aestivoid squarehead speltoid compactoid 
intermediary
timopheevii

Plants with

PS 

Fs

FU

chromosomes

Fig. 58. Reduction of the chromosome number in the T. aestivum * T. timopheevii allopolyploid 
(Belea, 1976)
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Sesquidiploid plants may arise if non-reduced gametes also take part ac­
cidentally in pollination. These often differ phenotypically from the diploid 
parents. The parental chromosome number and gene quality leaves its mark on 
their habit, since the hybrids have an extra set of male chromosomes.

The allopolyploids T. aestivum x T. timopheevii, produced in Hungary by 
Rajhathy, and Aegilops ovata x ssp. carthlicum (AABBCUCUM°M°), obtained by 
Belea using colchicine treatment, were employed by Belea (1976) as sources of 
disease resistance (leaf and stem rust, powdery mildew). In the second and third 
generations of the first combination mentioned, in addition to intermediate 
plants, compactoid, squarehead, speltoid, etc. types also appeared. These types 
were sterile. The vast majority of the original allopolyploids, which contained 
2m = 70 chromosomes, became reduced to octoploids with 2n = 56 chro­
mosomes. A few plants were reduced to even lower chromosome numbers in 
later generations (Belea, 1976; Belea-Fejer, 1981; Fig. 58).

This allopolyploid also facilitated the study of the genetic background of 
disease resistance. The appearance of such a large proportion of plants with 
2m = 56 chromosomes made it possible for the first time to determine whether 
a full genome was lost, or whether chromosomes were eliminated at random. 
Traditional karyotypic analysis indicated that the chromosomes belonging to 
the A or G genomes of T. timopheevii were the first to be eliminated (Fig. 59). 
Later, chromosomes belonging to other genomes were lost in the course of 
reduction. Thus, elimination does not affect whole genomes, but involves ran­
dom chromosomes (Fejer-Belea, 1978b).

This finding was confirmed by electrophoretic isoenzymatic analyses. It is 
a well-known fact that structural genes coding the isoenzyme alcohol dehy­
drogenase (ADH) are located on the chromosomes of the 4th homoeologous 
group of wheat (Hart, 1970). Taking this into consideration, it can be seen from 
the ADH zymograms that it was the chromosomes of homoeologous group 4, 
belonging to genomes A and G of T. timopheevii, that were missing from plants 
with 2n = 56 chromosomes. By contrast, in 2n = 44 addition lines, chromosomes 
4A and 4G were absent. In the two parent plants a phenotypically distinctive 
ADH triplet characteristic of tetra- and hexapioid species is present. The ADH 
spectrum of the 2n = 56 allooctoploid is identical to that of T. timopheevii, while 
the 2n = 44 plants exhibited the phenotype of common wheat (Fig. 60). Esterase 
(EI) analyses, in agreement with the karyotypic analysis, indicated the lack of 
the 3A, 3G, 6A and 6G chromosomes of T. timopheevii in plants with 2n = 56 
chromosomes.

Schulz-Schaeffer-Haller (1987) observed after the amphiploidisation 
(2/7 = 70) of conv. durum (2m = 28)x Agropyron intermedium (2m = 42) that hy­
brids with a chromosome number of 2m = 56 appeared more frequently. Princi­
pally the chromosomes of the male parent were lost.

The random elimination of chromosomes was observed by Belea and 
co-workers (1974) in the octoploid Aegilops ovata* ssp. carthlicum (2m = 56), 
too. In lines reduced to a chromosome number of 2m = 49, marker chromosomes 
were used to identify the chromosomes. In the case of Ae. ovata these were
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5-1 6B 1B 2D 4B 7D 7A 6A 6D 3B 4A 2B 2A 7B 1A

D
im

m

7 aestivum
T. timopheevii
T aestivum xttimopheevii amphiploid 2n=56 
T aestivum xTtimopheevii amphiploid 2n =45 
i aestivum x 7 timopheevii amphiploid 2n = 44 
7 aestivum x 7 timopheevii amphiploid 2n =43 
7 aestivum x 7 timopheevii amphiploid 2n =41 
7 aestivum x 7timopheevii amphiploid 2n=*41

* the homologous chromosome is missing

Fig 59. Study on the reduction of the T. aestivum x T. timopheevii allopolyploid with the aid of 
karyotype analysis (Bf.lea, 1976)
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ADH

T timopheevii

isoenzymes

T. aestivum

Fig. 60. Alcohol dehydrogenase isoenzyme zymogram of reduced lines (2n = 56 and 2n = 44) of 
the T. aestivum x T. timopheevii allopolyploid (Belea, 1976)

2CU (SAT) and 7M°, with chromosome 6B(SAT) from ssp. carthlicum. 
Chromosome 1B(SAT) can only be reliably identified in preparations given no 
preliminary treatment. In all the 2n = 49 plants examined, the submetacentric, 
relatively long 1CU chromosome, with its dot-like satellite, and the short, approx­
imately metacentric 7M° chromosome of Ae. ovata could be observed, as could

Fig. 61. Study of the chromosomes in an Aegilops ovata* ssp. carthlicum octoploid with a 
chromosome number reduced to In = 49, with the aid of karyotype analysis (a) Ae. ovata, (b) 

ssp. carthlicum parental chromosomes (Belea et al., 1974)
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the long, characteristic 6B<SAT’ chromosome of ssp. carthhcum. 2C and the 
acrocentric chromosome 70 of Ae. ovata were missing, however (Fig. 61) The 
random elimination of chromosomes was again confirmed by esterase 
1S°ZeTestXyngeSfractionated proteins by means of isoelectric focussing 
(IEFPG) it could be seen that the IEP values of the majority of protein 
components in both parental species and in the amphiploid fell in the acidic pH 
range F e ovata an intense peak could be observed at pH 4.80 which 
became even stronger in the amphiploid (Fig. 62). It can be assumed that the 
smaller peak observed in this range for ssp. carthhcum andI the corresponding 
peak of yte. ovata have an additive effect. Similarly, in the pH region 5.05-0.16,

Ae ovata

—--- 1-- 1-- 1-- 1-- 1---1-- 1-- 1-- 1 । । PH
510 480 435 4 00 370 340 305 290

365790 750 710 6.70 6.15 5.805.40 505 480 4.40 4.05370 3.45 310 2.80

,, radiometer curves of the proteins of the Aegilops ovata x SSp. carthlicum allopolyploid 
andX parents after fractionation by means of electrophoresis (Ffj6r et al., 1976). 
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there is another extremely intensive peak in the amphiploid, which can be 
explained by codominance.

In general, the Fj plants of allopolyploids are uniform. In later generations, 
depending on the degree of relationship between the parental partners, types 
differing from the intermediate type appear with greater or lesser frequency. In 
the F3 generation of the allopolyploid Ae. ovata x ssp. carthlicum, for example, 
plants reminiscent of Ae. ovata but, unlike the female parent, easily threshed and 
awnless, are to be found among the plants, which are mostly of the compact 
ear type. A characteristic feature is the extremely large grain, which is slightly 
pointed at each end. The crease is deep and the germ lies at an angle of less than 
45°.

One great advantage of polyploidy, apart from the creation of new forms, is 
the fact that it facilitates the utilisation of sterile hybrids with economic value, 
which would otherwise be lost due to this sterility. Hybrid gene complexes are 
generally stabilised through sudden polyploidy. Winge (1917) was the first to 
draw attention to the significance of this fact in evolution. If the sterility is 
caused by abnormal cell division in meiosis due to the inhomology of the 
chromosomes of the parent species, the autotetraploid fertility can be restored 
by chromosome duplication.

It cannot be denied that the initial enthusiasm aroused in breeders by artificial 
polyploidy has waned considerably. Researchers now have a more realistic 
approach to polyploidy, especially to allopolyploidy and its usefulness in plant 
breeding. It should be noted that autopolyploidy is often of greater significance 
in vegetable breeding than in the breeding of field crops, since the aim of 
breeding is an increase in flowers, leaves, fruit, etc., rather than in the grain yield 
(e.g. cereals).
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5. Practical results and future prospects

Interspecific and intergeneric crosses were carried out for practical purposes 
ev before the toe of Mendel, but real interest in this field was not expressed 
until a time when no really resounding success could be achieved any more by 
means otoariety crosses. Both cultivated and wild species were used in this 
work Cultivated species originating from different climatic regions often pos- 
Z a large number of characters of value in breeding, and these can be combined 
wffh other species to great advantage. Wild species, on the other hand, often 
toe a cons derably wider range of variability with respect to valuable economic 
Characters than the cultivated forms. These include frost and drought resistance, 
resistancetcVarious diseases, etc. Before listing a few practical results, attention 
should be drawn to one or two points of general interest.

5.1 Selection of parental species

Before using any plant species for breeding purposes, preliminary studies must 
be made on a plentiful array of species collected from different geographical and 
climatic regions in order to select the most satisfactory crossing partners for 
b eed ng purposes. In this way it is possible to avoid a frequent error threatening 
torsCecific crosses' the transfer of economically undersirable characters into the 
new combination This is extremely important, since non-segregating progeny 
ire often obtained from interspecific and intergeneric crosses. When top-cross- 
ffig sterile F. hybrids it is again vital to select the third species with great 
circumspection.

5.2 Breeding methods

5.2.1 Cultivated plants which can be vegetatively propagated

In the case of plants which can be vegetatively propagated, the sterility of the 
hvbrid plants is not a problem. Hybrids of such plants can be further 
nronaeated without any difficulty even if the parents have differing chromosome 
numbers and genome quality. If success is achieved with a single cross, rather 
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than selecting desirable individuals from a segregating population, new lines, 
chiefly the hybrids of allopolyploid cultivated plants, can be propagated directly 
using vegetative techniques.

If the progeny are raised from seed, the segregating types may be sterile or 
fertile, homozygotic or heterozygotic, cytologically balanced or unbalanced, 
having different chromosome numbers. By vegetative means, these plants, too’ 
can be further propagated. Naturally, the majority of these continue to seg­
regate when they are sown from seed again. Every single progeny may lead to 
a new cultivar, if they satisfy breeding and production requirements. In such 
cases it does not matter whether they are cytologically balanced or not. In this 
way, countless valuable cultivars have been born, for instance in the Iris genus, 
where a multitude of triploid, pentapioid and aneuploid forms are to be found 
among the forms grown in gardens. The majority of Saccharum cultivars 
(Bremer, 1931) are aneuploid, as are various garden ornamentals, such as 
Crocus (Propach, 1938) and Hyacinthus (De Mol, 1928).

The so-called secondarily balanced species provide a good illustration of the 
significance of aneuploidy in the formation of new, valuable cultivated plants. 
A particularly good example of this is the Pomoideae family, which comprises

Initial diploid forms 
2o=16

Diploid hybrid species 

2o= 16

Group I
Magenta or ivory coloured flower

I
Group II

Scarlet or orange coloured flowers

0. dissecta
D. excelsa
D. imperalis
D. Lahmanni
D. maximitiana
D. Maxoni
D. Merck!
D. platytepis
D. pubescens
D. scapigera

2o = 32

2o = 32
2n = 32
2n = 36

D. coccinea
D. coronata
D. gracilis
D. tenuis

2o =32
20 =32

Octoploid hybrid 
(Dahlia mriabihs, 2n =64 )

Flower color: scarlet, magenta, orange, ivory

AAAA 
BBBB 
CCCC 
DDDD 
EEEE 
FFFF

A-anthocyanine genes GGGG 
I-flavone genes HHHH

AAAA
BBBB
CCCC
DDDD
EEEE
FFFF
GGGG A-anthocyanine genes
HHHH Y - chaicone genes

Fig. 63. Outline of the origin and constitution of dahlias (Crane-Lawrence, 1952)
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such fruit species as apples, pears and quinces. These all developed from a basic 
genome containing seven chromosomes, which now exist in the forms 
AA BB B2CC1C2DD1EE1FF1GG1. Some of the species are tetrapioids, others 
hexapioids. In these plants, aneuploidy has led to the creation of aneuploid 
chromosome combinations which effectively promote the formation of high- 
vielding cultivated plants. Among the ornamentals, numerous valuable cultivars 
of tulips daffodils, hyacinths, irises, etc. are aneuploid, indicating the fact that 
aneuploidy may play an important role, particularly in the case of plants which 
can be vegetatively propagated.

A great many spontaneous autotetraploid cultivars of pear (Diel Pap), 
raspberry and grape, various ornamentals, such as certain primulas (Pnmula 
sinensis and P malacoides), dahlias {Dahlia variabilis; Fig. 63) and hyacinths 
(Hyacinthus orientalis), the Tetra cultivar of Antirrhinum and certain cultivars 
of red clover (Trifolium pratense) and late turnips have all originated m this 
manner The artificially produced autotetraploid cultivar of tomato produces 
more ascorbic acid even in the shade than diploid tomatoes matured in the sun. 
The leaves and tendrils of autotetraploid water melons are broader and more 
resistant to diseases caused by Collectrichum. Cultivated strawberry (Fragaria 
ananassa) is also an artificially autotetraploidised plant. The different variants 
of this are vegetatively propagated hybrid clones originating from a cross 
between two octoploid species (F. chiloensis and F virginiana)Later, the 
genome of yet another octoploid species (F. cuncifolia) enriched the genome 
reserves of strawberries. The strawberry cultivar Vescana, which has 2n-70 
chromosomes, is derived from a back-cross of the non-reduced F, of F. ananas­
sa x F. vesca to F. ananassa (Fig. 64).

Fragario ananassa
8x = 56

8A

Ft hybrid 
6x = 42

2V t 4A

Fragaria vesca 
2x =14

2V

colchicine treatment

Fragaria vesca 
C* =28

4V

Fragario ananassa 
8x =56

8A 

non-reduced 
cell

Vescana 
10x = 70 
2V + 8A

pig 64. Outline of the production of the strawberry cultivar Vescana (Kuckuck. 1979)
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2x

3x , Tea-rose
hybrid

Polyantha hybrid 
4x

Fig. 65. Outline of the production of various rose hybrids (Kuckuck, 1979)

The first triploid water melon cultivar (Shin-Yamato) was produced by the 
Japanese researcher Kihara by crossing autotetraploid water melon to its 
diploid form. Due to its thin skin, small number of seeds and higher sugar 
content, it was fairly popular on the market. Similar results were achieved in 
Kecskemet, Hungary by Kiss. As mentioned above, although the triploid form 
was valuable, it did not become widely cultivated due to the high costs of seed 
production. In Sopronhorpacs, triploid sugarbeet with a higher sugar content 
was produced. A large proportion of the tastiest apple cultivars are also triploid 
(Boskoop, Kassel Rennet). Autotriploids of Musa acuminata (Gros Michel 
Cavendish) are the most valuable cultivars of banana, while Tahitian lemons 
(Citrus aurantifolia), and the popular tulips (Keizer-kroon, Marsenet Pink 
Beauty), hyacinths (Grand Maitre, King of the Blue) and large-flowered daf­
fodils (Emperor), etc. are also autotriploids.

A great variety of triploid rose (Fig. 65) and begonia (Fig. 66) cultivars have 
also been produced by means of artificial allopolyploidy.

In plants consumed as fruit and propagated vegetatively, fruit formation is 
often quite independent of seed formation. The sterility or lower seed setting 
observed in the progeny of crosses does not reduce the breeding or market value 
of the fruit. In fact, in many cases it is an advantage if seedless fruit are formed 
(e. g. triploid water melon, grapes, apples, etc.)
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Lorraine-Begonia ,SSD 
Fl 2n = 3x=41

Fig. 66. Outline of the production of Lorraine-Begonia (Kuckuck, 1979)

5.2.2 Cultivated plants which can be sexually propagated

Any cultivated plant which is grown for its vegetative organs or seeds can be 
propagated sexually. As mentioned above, if the parents have iden teal chro­
mosome numbers and homologous genomes, the first generation will be fertile 
and Mendelian segregation can be observed in the progeny. The only difficulty 
is that the parents generally differ from each other in a large number of 
characters, which means that a substantial number of plants must be raised if 
selection is to be made for individuals with desirable economic characters. In 
other words a large population is necessary if plants suitable for the theoreti- Xly poss^ breeding aim are to be found. Some of the forms of value from 
the breeding point of view consist of extreme types (the majority being recessive 
characters) which are often sought in vain if the number of individuals is small. 
A larger plant number also facilitates transgression, a phenomenon often ob­
served in interspecific and intergeneric crosses.

In the course of interspecific and intergeneric crosses numerous practical 
results have been achived, only a few of which can be mentioned here. A spring 
barlev cultivar resistant to powdery mildew was produced from the cross 
Hordeum distichon x H. spontaneum through repeated back-crossing of the r t 
orogeny to H distichon (Rudorf-Wienhus, 1951). Barley varieties resistant to 
barley dwarf mosaic virus were produced in Denmark using tnploid and aneu- 
ploid forms (Sandfaer, 1979).

If the parent species do not correspond completely either in chromosome 
number or in genome quality, breeding is complicated by loss of fertility.
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Naturally, as has been seen above, even certain segregated aneuploids may be 
fertile, so it is very difficult to determine whether the plants are cytologically 
balanced or not on the basis of fertility alone. If the parents have some homolo­
gous genomes, by the F4-F5 a whole series of euploid forms may segregate, not 
all of which will be homozygotes. If no genome homology at all is found 
between the parents, balanced forms will only be found in very low numbers 
in very late generations. In the case of homoeology, individuals carrying traits 
from both parents may be found extremely rarely among segregating types with 
the same chromosome number as the species with the lower polyploid level. This 
can be attributed to the exchange of whole chormosomes or chromosome 
sections. This means that when crossing species A2At and A2A2BB, combina­
tions may be found with characters originally located on non-homologous 
genomes (A and B). A fine example of this is the cultivar Timstein, obtained by 
Pridham (1939) from a cross between Triticum aestivum (Steinvedel) and T. 
timopheevii. Although this cultivar was never put into general cultivation, it is 
still used very frequently as a parent species. Later, Watson-Luig (1958) 
reported that another disease-resistant cultivar had been produced in Australia 
from this same combination. This was marketed under the name Timvera. 
Heyne-Jonston (1954) and Kuspira-Unrau (1957) used these two cultivars to 
produce several disease-resistant cultivars. Rudorf (1956) mentions the fact 
that the disease-resistant cultivar Newthatch also inherited this character in­
directly from T. timopheevii. Briggle-Reitz (1963) and Suneson (1947) give 
the origin of the disease-resistant wheat cultivars Ideal 59, Ace, Georgia 1123 
and Bladsoe as a cross between T. timopheevii and T. aestivum, as does Afifi 
(1953) in the case of the cultivar Tousson.

The cultivars Hope and H44, which are again disease-resistant, were selected 
by McFadden (1930) from the progeny generation of a cross between the 
Russian cultivar Emmer (ssp. dicoccum) and the Canadian cultivar Marquis 
(T. aestivum). These were then used to produce the cultivars Apex, Vesta, Rival 
and Mercury. According to Frasen-Peterson (1954) the cultivars Pilot, Re­
nown, Regent, Stewart and Carleton all originated from interspecific crossing, 
the last two having been selected from the combination Marquis x Jumillo 
(conv. durum). In the Institute of Breeding and Genetics in Odessa, the cultivars 
Sarrubra, Sarrosa and Blanza were again produced using conv. durum. The stem 
rust resistant cultivars Lutescens 3632, Erythrospermum 8303, Erythrosper- 
mum 7801, Candicans 76/10, Kamelinka E-223 and Caesium 94/1453 were also 
derived from interspecific crosses.

The Italian researcher Rusmini (1959) produced the wheat cultivar Capelli 
from the combination (T. turgidum x conv. durum) x conv. durum, while Stram- 
pelli made a cross between Duro di Puglia (conv. durum) and Akagomughi 
(T. aestivum), which resulted in the strong-stemmed dwarf cultivar Balilla, later 
used as a parent species in producing numerous cultivars (San Pastore, For­
tunato, Valino, Turano, etc.). Certain sources of disease resistance which can 
be used to improve the resistance of common wheat are listed in Table 71.

When studying the protein and lysine contents of wheat cultivars and inter-
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Table 71.
Major sources of disease resistance in the Triticae subtribe

Donor parent species
Name of 1 
disease

<ecurrent cultivar or line
Gene 

symbol
Authors

Agropyron elongatum stem rust ‘Thatcer’ 
PW 327

6A 6D, Zeller, 
Fischbek,

leaf rust ‘Pawnee’ 3D 1974
‘Agrus’ Lrl9
‘Agatha’ Lrl9

mosaic virus ‘Rescue’ 5D, 6D

leaf rust ‘Agent’ 3D, 7D

Agropyron yellow rust ‘Heine IV’

intermedium leaf rust ‘TAF 1’
stem rust ‘TAF 2’

3A, 7Dleaf rust ‘Vilmorin 27’

Secale cereale yellow rust triticale 1R
leaf rust ‘Transec’ 4A/2R
yellow rust ‘Weique’, ‘Sanno’, 

‘Feldkrone’, ‘Hamlet’,
1B/1R

‘Linos’, ‘Kavkaz’, 
‘Aurora’, ‘Lovrin 10’, 
‘Lovrin 12’,
‘Lovrin 13’, 
‘Winetou’, ‘Clement’,
‘Disponent’, ‘Persue’, 
‘Zorba’, ‘Salzmunder’, 1R/1B
‘Orlando’, ‘Saladin’, 
‘Neuzucht’, ‘Wentzel’,
St. 2153/63, ‘Imperial’, 
‘Holdfast’, ‘Riebasel’

Aegilops umbellulata leaf rust 
leaf rust

‘Chinese Spring’ 
‘Transfer’

A/6C"/ 
Lr9

Aegilops comosa yellow rust Chinese Spring 2M
yellow rust ‘Compair’ 2D/2M

Cauderon, 
1983Aegilops ventricosa yellow rust ‘Roazon’

Triticum timopheevii stem rust ‘Hope’, H 44, Srl8 Lelley,
powdery mildow ‘Khapstein’, ‘Lee’, Sr7/a 1976

‘Timgalen’, ‘Timvera’, Sr5, 99
‘Timstein’, ‘Versntein’, Srll

leaf rust ‘Pawnee’, ‘Transfer’, Lr3,
‘Gabo’, ‘Lee’ LrlO

powdery mildow ‘Hope’, ‘H 44’ Lrl4a

Triticum monococcum
‘Marquillo’, ‘Jumillo’

Sr21

T. turgidum conv. stem rust Sr3

durum
T. turgidum ssp. 
dicoccum
T monococcum

powdery mildow ‘Khapli’

‘Spelmar’, ‘Mindum’

Pm4

Sr22ssp. boeoticum stem rust .
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specific hybrids, Belea-Sagi (1978) found that the negative correlation 
experienced in variety hybrids between the protein and lysine contents was far 
less pronounced in interspecific hybrids. It is thus considerably easier to select 
for high protein and lysine contents from interspecific crosses (Table 72).

By repeatedly back-crossing the hybrid of Lycopersicon esculentum x L. pim- 
pinellifolium to cultivated tomato, Rudolf (1949) produced a cultivar resistant 
to wilting disease. In a similar manner, Saccardo-Monti (1987) obtained lines 
resistant to Verticillium dahliae, Fusarium oxysporum, Phytophthora infestans 
and tobacco mosaic virus from repeated back-crosses of the species wild Ly­
copersicon peruvianum, L. hirsutum, L. pimpinellifolium and Solanum pennellii 
to various cultivars of cultivated tomato (F5BC3). These lines also possessed 
desirable agronomic traits and high fruit quality.

In 1950, Rudolf re-synthesised Brassica napus fin = 38) from a cross between 
B. oleracea fln = 18) and B. campestris fin = 20) and produced cultivars that 
were better than the high-yielding cultivar Lembke which was generally cul­
tivated at the time.

If the crossing partners have no homologous genomes, results can best be 
achieved by means of chromosome addition or substitution. In 1958, using this

Table 72.
Protein and lysine contents of interspecific wheat (Triticum L.) hybrids

Combination

Protein content Lysine content

%
Deviation 
from the 
standard

%
Deviation 
from the 
standard

PP-1 3119 standard 18.20 100 2,43 100
Tiszataj GKI-2 18.10 -0.55 2.78 14.4
T. aestivum x T. timopheevii amphiploid 16.27 -10.61 2.60 7.0
(T. turgidum x Produttore ) x Bezostaya 18.82 0.34 2.70 11.1
(Bezostaya x amphiploid) x conv. durum 19.38 6.50 2.70 11.1
(Eryth. 3201 x T. turgidum) x F293 22.47 23.46 2.80 15.2
(Eryth. 3201 x T. turgidum) x F293 BC2 21.40 17.58 2.90 19.3
T. aestivum x ssp. dicoccoides 21.20 16.48 2.60 7.0
conv. ispahanicum x ssp. dicoccoides 19.81 8.81 2.70 II.1
conv. ispahanicum x ssp. dicoccum 19.70 8.24 2.70 11.1
ssp. carthlicum x ssp. dicoccum 24.70 35.71 2.90 19.3
(ssp. dicoccoides x conv. durum) x T. aestivum 20.06 10.21 2.90 19.3
ssp. dicoccum x conv. durum 19.74 8.46 2.60 7.0
conv. polonicum x T. aestivum (Bezost.) 19.68 8.13 2.60 7.0
(T. monococcum x T. zhukovskyi) x Bezost. 24.96 37.14 2.80 15.2
(Ae. cylindrica x conv. vavilovii) x F293 17.80 2.20 2.80 15.2
conv. durum x T. timopheevii 19.88 9.23 2.80 15.2
(T. timopheevii x ssp. dicoccum) x Bezost. 17.26 -5.17 2.80 15.2
(T. timopheevii x ssp. carthl.)* T. aestivum 18.92 3.95 2.60 7.0
(T. timopheevii x ssp. carthl.)* ssp. dicoccum 22.70 24.72 2.70 11.1
(T. timopheevii x ssp. carthl.) x F293 20.14 10.60 2.85 17.3
(T. timopheevii x ssp. carthl.) x conv. durum 22.64 24.39 2.60 7.0
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latter method the 1B chromosome of wheat was successfully replaced in Kees- 
by the IR chromosome of rye, giving rise to a hairly-necked type of wheat

S is still in existence today. The product.ve wheat cult,vats Riebesel 
Sakmunder and Orlando contain 20 wheat + 2 rye chromosomes. The rust 
resisunce of the wheat cultivar Neuzucht and its der,vatt.es (Aurora Kavkaz 
etc ) is attributed to a chromosome segment pair. In the Mexican hexapioid 
triticale Armadillo the 2R chromosome pair from rye replaces the 2D chro- 
mosome pad of wheat. The lines Transec and Agatha, both used as sources of 

inherited this favourable property by means of translocation 
from ™ and Agropyrop elongatum. respectively. The leaf rust resistance of 

umbellulalalSu.^, 1956b), the stem rust resistance of T. umophem 
(Beiea 1976) and the mosaic virus resistance of octoploid Agrouicum have a 
£ substituted into common wheat. The resistance of Aegilops oenmeosa to 
SorL and yellow rust was also transferred in this way mto he cultivar 
Roafon already generally cultivated in France, using ssp. eaMeion as an

transferred the stem rust resistance of Agropyron 
dongalum Riley et al. (196S) the yellow rust resistance OA Aegilops comosa and 
kX71967) the resistance of Ae. pentricosa to stem rust and foot diseases 

into wheat by means of addition. The cultivar Compair, 
produced in this way, is now in general cultivation. Lee-Larter (1970) added 
the favourable properties of the wheat cultivar Kharkov to rye.

A classical example of the addition of a whole genome from one species to 
another is the production of hexa- and octoploid triticale. The primary octo- 
nloid^ T aestivum hybrids had a slight advantage over the octop oids, but the 
real success was achieved with the secondary hexapioid triticale. From the 
combinations triticale 6x x triticale 8x and triticale ^ Triticum aestwum, 
Me cerea/e T. turgidum or conv. durum it proved possible to produce a new 
X of constant hexapioid wheat-rye hybrid which, under certain ecologica 
conditions was able to compete with high-yielding wheats and ryes. It could not 
compete with rye on poor quality sandy soils, however.

This new synthetic hybrid is of especial interest because, up till now only a 
sterile form had been observed in nature. This leads to the conclusion that, from 
the point of view of breeding, triticale represents a step towards the production 
of new species or new cultivars, which, through careful, patient selection, could 
lead to new combinations capable of competing with the cultivated cereals 
formed several thousand years ago.

Asvnchrony was discovered in the triticale genome with respect to the chro­
mosome pairing of the wheat and rye chromosomes, and this was attributed 
mainly to the doses of the polygenes. None of the wheat genomes contains all 
ihe uenes capable of cooperating with the rye genome; instead, these are 
scattered around in wheats and rye with different genotypes. With the aid of 
widely varying crosses and adequate selection, these can now be combined in 

d Since hexapioid triticale is a completely new plant species, it was not exposed 
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to natural evolution. This explains its poorer adaptability compared to the 
parent species. In 1978, Hungarian triticales attained outstanding yield potential 
in Germany (6-9.55 t/ha, compared with 8.7 t for wheat and 7.5 t for rye 
per hectare). The year 1984 was extremely favourable for cereals in Hungary. 
The best types of Hungarian triticale were able to compete in Kecskemet with 
the highest yielding cultivars of wheat (9-10 t/ha). It is conceivable that they 
will not achieve their true yield potential every year due to their poorer adapt­
ability, but it is not impossible that they will continue to compete well with 
wheat and rye.

Experience gained so far indicates that rapid results of value in practice 
cannot be expected from interspecific and intergeneric crosses. Success will only 
be achieved through patient, persistent efforts.

As mentioned above, incompatibility is a great obstacle to crosses between 
plant species. Incompatibility prior to fertilisation can now be overcome by 
means of cell fusion, while the starvation often caused in sexual crosses by poor 
development of the endosperm can be eliminated by raising in nutrient medium. 
Cell fusion between genera which are taxonomically distant from each other 
may lead to the formation of cell lines with which hybridisability can be 
expanded in the plant kingdom.

Melchers and co-workers (1978) were the first to produce allopolyploid 
plants containing the chromosome sets of both parents (2n = 48) by fusing 
protoplasts isolated from a callus culture of Lycopersicum esculentum 
(In = 24) x Solanum tuberosum (2n = 24). The many previous attempts made at 
producing this hybrid ended in failure. In Mosonmagyarovar a grafting ap­
proach was applied prior to crossing, but this, too, was unsuccessful. The 
grafted plants looked fine, with potatoes underneath and tomatoes on the stems, 
but there were doubts about their practical value.

Allopolyploids were successfully obtained by cell fusion for Arabidopsis 
thaliana x Brassica campestris. These were named Arabidobrassica. In this case 
the degree of relationship was considerably less than in the case of genera within 
the Solanaceae family.

In the early seventies research into bacteriophage and plasmid genetics led to 
the elaboration of completely new techniques and methods, known collectively 
as genetic engineering. The many techniques belonging under this heading 
include the breaking up of DNA molecules and their reconstruction in a definite 
manner, and the exploitation of possibilities offered by the existence of “jump­
ing” genes.

With the aid of the new technology, extremely varied genes or gene groups 
can be linked up and occasionally be made to function. This means that 
conscious human intervention can produce cells with characters that were not 
previously known in nature (e.g. bacteria producing human enzymes). Mention 
should also be made of the importance of Ti plasmids, which, through the 
application of genetic engineering, make completely controlled breeding pos-
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Bible. This technique can theoretically be used to incorporate any gene whatso­
ever into the chromosomes of dicotyledonous plants.

The leap which geneticists were able to make due to the elaboration of 
molecular hybridisation methods is still difficult to evaluate. It is a fact that, in 
addffion to the classical crosses between distant species, it has opened up 
jiddinon to i . molecule level for uniting the genes of different crea-
lures' where ths «mS quite impossible only a short time ago. These approaches 
tures where tms se .4 t tion of cells illustrate the unbounded oppor- 
to the for making changes in living nature. The
tun. ties offered by geneticsAo man^ imaginations even more. There can
b?“ffiVdoubt that before too long techniques such as gene synthesis or the 
removal of gene blocks from living cells, the integration of the genome with alien 
DNA autoreproduction under artifical conditions, the utilisation of episomes 
and many Z will cease to be part of science fiction and will become accepted 
toolTin"rhe'large-scale genetic transformation of plant organisms.
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Glossary

Addition* addition of a chromosome from one species into the chromosome set of 
another species during interspecific and intergeneric crossing.
Allele: one of a pair of genes located at corresponding sites on homologous chro­
mosomes.
Allopolyploid: a plant hybrid in which the somatic chromosome sets of two species are 
present.
Anaphase: the phase of cell division following metaphase, when the chromosomes 
migrate from the equatorial plane to the two poles.
Androgenesis* elimination of the maternal nucleus from the fertilised ovum, so that only 
male chromosomes are present in the developing individual.
Anpnnloid* nlants where the chromosome number is not an exact multiple of the basic 
chromosome number (2n+ 1, 2, 3 = hyperploid with more than the full chromosome 
number; 2n - 1, 2 = hypoploid, with less than the full chromosome number).
Apogamy* the embryo (sporophyte) does not develop from a haploid gamete (ovum) but 
from a diploid cell or cells of the embryo sac gametophyte.
Apomixis* development of a new individual from an unfertilised ovum without sexual 
cell nucleus fusion. The ovum may be a normal haploid, or a diploid due to the absence 
of reductional cell division.
Autogamy: self-fertilisation, self-pollination (within a single plant).
Autopolyploid: a polyploid arising due to the multiplication of the complete chromosome 
set of a species. An autotetraploid, for instance, has four identical sets of chromosomes. 
Back-cross* a cross between a hybrid and one of its parents. The derivatives of such 
crosses are’known as back-cross generations with the symbol BC.

Biotype: a population of individuals with the same genetic constitution. The biotype may 
be homozygotic or heterozygotic.
Bivalent: a chromosome pair arising due to the conjugation (synapsis) of homologous 
chromosomes.
C C C,: the first, second and third generations of individuals produced using 
colchicine.
Cell fusion: spontaneous or induced fusion of cells delimited by a membrane.
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Centromere: the constricted central region of the chromosome strands, which divides the 
chromosome into two parts.
Chimera: tissue consisting of cells with different genotypes.

Chromatin: a well-staining substance, consisting mainly of DNA, from which the chro­
mosomes are formed in the course of mitosis and meiosis.

Chromosome: well-staining corpuscles forming during cell division as the result of a 
special arrangement of the chromatin, the basic substance of the cell nucleus. The 
number of chromosomes, which contain DNA, RNA, histone and non-histone proteins 
and are the agents of heredity, is species-specific.
Colchicine: the alkaloid of meadow saffron (C22H22NO6) used among other things to 
induce the multiplication of the chromosome number (polyploidy).
Crossing: partial or complete combination of the genetic material of individuals with 
different genotypes in a sexual manner (by fertilisation).
Cytoplasm: the part of the protoplasm which surrounds the cell nucleus and is delimited 
by the external cell membrane alone, or by the cell membrane and the cell wall together.
Cytoplasmic male sterility: an abnormality in pollen development determined by chloro­
plast or mitochondrial DNA inherited through the female.

Decaploid: ten times (lOx) the number of chromosomes in the haploid gamete (x = n).
Diakinesis: in the course of reductional cell division, the last phase of the prophase of 
meiosis, in which the chromosomes become shorter and thicker.
DNA (desoxyribonucleic acid): a compound found chiefly in the chromosomes, which can 
be regarded as the primary material of the gene and the bearer of genetic information.
Diploid: An organicum with a chromosome number equivalent to twice the reduced, 
haploid chromosome set (e.g. in wheat, 2x=14, i.e. 2n= 14).
Disome: an organism with the diploid chromosome number.

Dominant: a character or allele which is manifested even in the heterozygotic state and 
completely suppresses the effect of the other.
Donor: in repeated back-crosses the donor parent is only used in the cross once to 
transfer a certain character, and selection is consistently made for the transferred (donor) 
character.

Elimination: the loss of certain alleles in the hybrid population, generally leading to the 
formation of new variations.

Embryo: a plant organism formed from the zygote after repeated cell division, with 
rudimentary differentiation, making it possible to recognise the shbot and root poles and 
the cotyledons.

Endosperm: nutritional tissue surrounding the embryo in certain angiospermous plant 
species.

Euploid: an organism with a complete chromosome number (m = haploid; 2n = diploid; 
3n = triploid; 4« = tetrapioid; 5n = pentapioid; etc.).
Evolution: lineage, e.g. of a plant species.
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F1: designation of the first progeny generation arising from a cross between two organ- 

isms.
F2, F3, etc.: second, third, etc. progeny generation originating from self-fertilisation.

Factor: an alternative expression for the word gene.
Female sterility: a form of sterility in plants where the ovum is non-viable but the pollen 

is fertile.
Fertility: ability to produce progeny.

Fusion: see Cell fusion.
Gamete: male or female reprodaaive cell capable of carrying out or undergomg fertiUea- 

tion.
Gene: a section of the chromosome producinga functional product, which may be RN A 
or a protein, the translational product of KN .

... ■ „t inheritance of two or more characters, caused by the location ofGene linkage: the joint inheritance 01 iw
the genes on the same chromosome.
Genetics- the science which studies the inheritance of characters and the extent to which 
S from those of the parental orgamsm.

Genetic transformation: the transfer of genetic information by introducing isolated DNA 

into the cell.
Genome: the haploid chromosome set of an organism; hence, the sum total of the genes 
contained in this set.
Genotype: the sum total of the genetic information stored in the chromosomal genes of 

an organism.
Haploid: a cell or organism containing a reduced (gametai) chromosome set.
U » 1 -a an nanism with a chromosome number equivalent to seven times the 
Heptapioid: an organism wu wheat x = 7 7x = 49 ie 2n = 49)reduced, haploid chromosome set (e.g. in wheat x 7, 7x 49, i.e. 49).

Heterosis: hybrid vigour; a genetic state in which the hybrids are superior to the parents 
with respect to a certain character.
Heterozygote: a hybrid having different alleles for one or more genes.
Hexapioid: an organism with a chromosome number equivalent to six times the reduced, 
haploid chromosome set (e.g. in wheat 6x-42, i.e. 2n-42).
Homologous chromosomes: chromosomes containing various alleles of the same genes, 
which pair in the prophase of meiosis.
Homozygote: an organism containing identical genetic material at all loci.
Hybrid: progeny arising from a cross between individuals with different genotyes.

Hybridisation: see Crossing
Idiogram- a diagrammatic representation of the chromosomes, enabling them to be 
distinguished by their characteristic shapes and sizes.
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Incompatibility: the restriction of either self-fertilisation or cross-fertilisation between 
non-related plants in order to ensure the selectivity of sexual fertilisation.

Intermediary: an organism where the observable properties are intermediate for one or 
more characters.

Interphase: the part of the cell cycle in which important metabolic processes take place, 
involving the synthesis of macromolecules, without any visible signs of division.
Interspecific and intergeneric crossing: sexual crosses between species belonging to the 
same genus (interspecific crosses) or between species from different genera (intergeneric 
crosses).

Introgression: introduction of the characters of one species into the genotype of another.
In vitro: cells, organs or tissues are removed from the organism and kept for studying 
under artificial conditions.

In vivo: an experimental system aimed at studying biological processes as they occur in 
the living organism.

Isoenzyme: within a single species, proteins which have the same enzyme activity, but 
different structures.

Isolation mechanisms: in population genetics and evolutionary studies, a method where­
by populations can be kept side by side without any drop in frequency. Isolation may 
be geographical, sexual or genetic. One form of the latter is when changes in the number 
or shape of the chromosomes leads to the separation of new forms.
Karyotype: the characteristics of the chromosome set, determined by differences in shape 
and size between the various chromosomes.
Lethality: destruction of the cell or organism.

Macroevolution: population changes arising due to genetic changes and leading to the 
development of new species.

Meiosis: reductional cell division; a special type of division leading to the formation of 
gametes and consisting of one reductional and one equational division.
Mentor method: use of perennial plants (fruit trees) as stocks in order to change the 
characters of hybrid seedlings or varieties grafted onto them.

Mitosis: non-reductional cell division, in the course of which the chromosomes are 
duplicated, then separate, resulting in the formation of progeny cells with the same 
number of chromosomes as the mother cell.

Monofactorial segregation: when the parents differ from each other with respect to a 
single pair of genes, the segregation in the F2 of the cross will be 3 : 1 or 1 : 2 : 1.
Monosome: a plant containing 2n- 1 chromosomes.

Multivalent: more than two chromosomes pair in the course of cell division.
Mutagen: physical effects or chemicals inducing mutations.
Mutation: one way in which hereditary changes may arise.

Neocombination: in the segregating generation of a hybrid, an individual with a new type 
of heredity differing from that of both parents.
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Nullisome: an organism in which a pair of chromosomes is missing from the full 
chromosome complement (2n~ 2).
Oetoplold: an organism with a chromosome number equivalent to eight genomes the 
reduced, haploid chromosome set (e.g. in wheat x - 7, 8x 56. i.e. 2m 56).
Phenotype: the observable properties of an organism, produced by the interaction 
between the genotype and the environment.
Pollen: male gametes with a characteristic shape, size and colour, found in the anthers.
Polyploid: organism containing more than two genomes (genetic material).
Primary: the first generation of hybrids produced in interspecific and intergeneric cross- 
es.
Prophase: the first phase of cell division.
Protoplast: a plant, fungus or bacterium cell deprived of its cell wall.
Quadrivalent: pairing of four chromosomes in the first metaphase of cell division.
Recessive: a character or allele which is only manifested in the homozygotic state.
Reciprocal cross: a second cross, similar to the first, but with the sexes of the parents 
changed.
Recurrent parent: a parent used repeatedly in back-crosses and generally possessing 
recessive characters.
Restorer: a parent species capable of restoring fertility.
RNA (ribonucleic acid): a polymer built up of ribonucleotides. In the course of transcrip- 
tion ribonucleic acids with complementary base sequences are formed on the DNA 
temptae ta living »ll” messenger RNA (m-RNA), ribosomal RNA (r-RNA) and 
transfer NR A (t-RNA) are to be found.
Segregation: separation and re-combination of parental characters in progeny genera­
tions.
Selection- in natural populations, the differing chances of various individuals or geno- 
toes of surviving or differences in the number of progeny they produce. In the course of 
plant breeding, the selection of individuals with specific characters and the propagation 
of their progeny.
Somatic: vegetative cells and tissues.
Sterility: inability to produce progeny by sexual means.
Stoma: air or gas exchange openings, through which water vapour leaves the plant and 
air exchange takes place.
Telophase: the last phase of cell division, when the chromosomes migrate towards the 
poles.
Tetrapioid: an individual with four sets of chromosomes.
Tetrasome: an organism containing two extra chromosomes (2m+ 2).
Translocation: exchange of sections of two non-homologous chromosomes after break­
age.
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Triploid: an organism with three sets of chromosomes.
Trisome: an organism containing one extra chromosome (2n + 1).
Trivalent: a multivalent consisting of three paired chromosomes.

Univalent: a non-paired chromosome in meiosis, as opposed to the paired bivalents.
Variety cross: crosses between varieties belonging to the same species, but having 
different types of heredity.

Vegetative hybridisation: combination of the characters of two parental organisms with 
different genotypes with the elimination of the sexual process (in plants, by means of 
grafting).

Xenia: appearance of characters originating from the pollinator in the embryonic tissues 
of the hybrid seed.

Zygote: the cell arising after sexual fertilisation due to the union of two gametes. If the 
gametes are n + n haploids, the zygote will be diploid (2n).

226



References

Ahfi, A. (1953): Production of rust resistant vulgare wheats by backcrossing. III. B. Roy.
AhIwH. RS*5<W** betW“” “d

AniXn “e discontinuity between species. Amer

Nai.. OS, l«-l* biMti0„ in species crosses. GeneHes. 24, 668-698.
£1“ E. (S': T^iee ^a<im. John W,ley & Sons, New York, 78, 

AndbSon, E.-HUBK.CKT, L. (1938): III. The evidence

Amoua"^^ °f e,ol"tion' Prm-M' b“em- m'““

SelMncompstibility end production of hybrid

BA^Ro^La Cytomorphological’studies on certain interspecific hybrids of 
nontuberiferous Solanum species. Madras Agr. J52, 364 i17.124

,, ,, ,10m,. a medlev of pumpkins. Mem. Hort. Soc. N. 1., 1, 11 / 1Z4.Bailey H. 0 90 ). AyM P^P Identification of a substituted chromosome pair 
Baksi, _ ■ " , ’ „ line. Proc. Oklahoma Acad. Sci., 39, 16-21.
Rina^^YR9 Isenberg Y.M.-Draper, A.D. (1986): Flowering and fruiting
BXacI^ ^hei -d v"( Mblaei denva'

tive ^r^Zh^m with the diagnostic

feature ofT. and the evolution of plants. Taxon, 19, 2. 154-160.
Barber, H.NJ h High f ncies of haploid production in wheat (Triticum

J by chromosome elimination. Nature, 256, 41^11
RX I S-MuJEEB, K.-Waters, R.F. (1976): Wheatxbarley hybrids, problems and 
dates, 377_383
R s^T^-RoSuXs, kT-Mweeb, K. (1975): Immuno-suppressant effects on inter- 
Baies, L.s. ( of cereals. Cereal Foods World., 20, 446.
BawTs. 0953): Interspecific hybridization in the genus Cucumis. Sci. and Cult., 18, 

BaS^T B. Dolgova, O.A.-Korobova, S.N. (1961): The behaviour of pollen tubes
Sraspecific and interspecific hybridization. (In Russian). Dokl. Akad. Nauk. SSR., 
136, 1482-1485.

227



Seasley, Y.O. (1940): Asynaptic profists of American 26-chromosome and Asiatic 
13-chromosome species of Gossypium. J. Agric. Res., 60, 175-182.

Beasley, Y.O.-Brown, M.S. (1942): Asynaptic plants of Gossypium and their poly­
ploids. Genetics, 27, 131.

Becker T. (1951): Siebenjahrige blutenbiologische Studien an den Cruciferen Brassica 
napus L., Brassica rapa L., Raphanus L. und Sinapis L. Pftanzenzucht, 2, 31 72-103.

Beijerinck, M.W. (1884): Uber die Bastarde zwischen Triticum monococcum* Triticum 
dicoccum. Nederl. Krint. Arch., II. Serv., 189-255.

Beijerinck, M.W. (1886): Uber den Weizenbastard Triticum monococcum x T dicoccum 
Nederl. Krint. Arch., II. Serv. 187-455.

Beisser, E. (1934): Zytologisch-genetische Untersuchungen an den Bastarden Nicotiana 
tabacum x N. Rusbyi und ihren Riickenkreuzungen zu N. Rusbyi und N. svlvestris. I. 
Z.f. Abstr. u. Vererbgrl., 67, 115-151.

Belea, A. (1961): Investigations on the amphidiploid Triticum aestivo-timopheevi in F2 
and following generations. (In Romanian). Probl. Agric., 8, 1-21.

Belea, A. (1964): Genetic analysis and breeding evaluation of certain interspecific 
hybrids ot Triticum L. (In Hungarian). Ph. D. Thesis, Budapest, 1-277.

Belea, A. (1965): Compatibility of Triticum dicoccum Schiibl. with other wheat species 
and its hybrid fertility conditions. Acad. Agr. Sci. Bulgaria, 1-21.

Belea, A. (1966): Morphological and cytological characteristics of a few hybrid species 
of Triticum timopheevii Zhuk. Acta Agr. Acad. Sci. Hung., 15, 95-105.

Belea, A. (1969a): Genetic analysis and breeding evaluation of T. aestivum L. x T. tur- 
gidum L. hybrids. I. Compatibility and fertility. Acta Agr. Acad. Sci Huna 18 
435-440. ’

Belea, A. (1969b): Genetic study on Triticum monococcum L. reduced from tetrapioid 
to diploid. Acta Agr. Acad. Sci. Hung., 18, 254-258.

Belea, A. (1971): Are there other possibilities for the origin of T. spelta or T. aestivum? 
Acta Agr. Acad. Sci. Hung., 20, 227-229.

Belea, A. (1976): Cytogenetics of interspecific crosses within the Triticinae subtribe 
D. Sc. Thesis, Budapest, 1-78.

Belea, A. (1982): Recent data on origin of wheat (Triticum L.) Adv. Cvtoaenet Cron
Impr., Kalyany Publ., 1-15. ' F

Belea, A. (1984): Intergeneric hybridization and its use in increasing the genetic variabil­
ity of wheat. Proc. Hungarian-Italian Plant Conf, on the possibilities of increasing 
genetic variability in the plant kingdom, Agricultural Research Institute of the Hung. 
Acad. Sci., Martonvasar, 153-168.

Belea, A.-Fejer, O. (1981): Genetic studies and breeding evaluation of some Triticum 
auto- and amphiploids. Acta Biologica, 32, 3-4. 205-213.

Belea, A.-Fejer, O.-Hadlaczky, Gy. (1974): Genetic analysis of a synthetic Aegilops 
ovata x Triticum turgidum ssp. carthlicum amphiploid. (In Hungarian). Biologia, 22, 
129-139.

Belea, A.-Saci, F. (1978): Evaluation of common wheats and interspecific Triticum 
hybrids for protein and lysine content. Cer. Res. Comm., 6, 15-23.

Bell, G.D.H.-Lupton, N. (1955): Investigation in the Triticinae. III. The morphology 
and field behaviour of the A2 generation on interspecific and intergeneric amphiploids 
J. Agric., Sci., 46, 199-231.

Bemis, W.F. (1976): Interspecific aneuploidy in Cucurbita. Genet. Res., 21, 3, 221-228.
Berg, K.H. (1934): Zytologische Untersuchungen an den Bastarden das Triticum tur- 

gtdo-vtllosum und an einer Fj Triticum turgidum x H. villosum. HI. Z. f ind. Abstr. u 
Ver er bg si., 68, 94 126.

228



Berg, K.H. (1937): Beitrag zur Genomanalyse in der Getreidegrups. Ziichter, 9, 

Bho” I6 J.G. (1979): Rapid method for transferrins alien genetic variation to wheat by 
substitution and recombination. Wheat Inform. Serv. Kyoto, 50, 29-31.

Bicudo H E M.C.-Richardson, R.H. (1977): Gene regulation in Drosophila mulleri, 
P arizonensis. and their hybrids: the nucleolar organiser. Proc. Natl. Acad. Set., 74,

Bimt-l5H2'(1905): Mendel’s laws of inheritance and wheat breeding. J. Agric. Sci., 1, 

Binding, H.-Nehls, R. (1978): Somatic cell hybridization of Vicia faba and Petunia 

Binding? hIjain/s.M.-Finger, J.-Mordhorst, G.-Nehls R.-Gressel. j- O^): 
Soma ic hybridization of an atrazine resistant biotype of Solanum nigrum ^ Sola- 
num tuberosum. Part. 1. Clonal variation in morphology and in atrazine sensitivity.

bJckbu^ Genetical and cytol°sical studies in hybr,d

rosps Rn! I Exv Biol 1, 557 569.
Blakeslee. A.F. (1937): Redoublement du hombre de chromosomes chez les ptates par 

x 1 • - r> d Amzi Sei Paris, 2U5, 4/o-4/y.
Blakes™ AtXeRY.A.G. (1937): Methods of inducing chromosome doubhng in 

nlants hv treatment with colchicine. Science, 86, 408.plants by treatment wm The addition of Dasypirum vmosum L.
Blanco, A.-Simeone, Xat(T. durum Desf.). Theor Appl. Genet., 74,

Candargy chromosomes to aurum v «
3 328—333

Blaringham, L. (1914): Sur la production d^hybrides entre 1’engrain (T. monococcum 
L.) et differents bles cultives. Ch. Acad. Sci., 346 349q

Bleier, H. (1934): Bastardkryologie. Bibi. Genet II.393-48
Bleier H. (1936): Uber Chromosomen und Zuchtungsfragen der Zuckerrube. Zucker- 

rilbenbau 4-5 1-12. 1, 557-569.
Bohn GW. (1948): Sesquidiploid Fj hybrids of Lycopersicum esculentum and- L. 
b/hTT7-Bro^ S.E. (1988): In vitro dry matter digestibility, leaf

anatomy, and fiber concentration of a hybrid between C3 and C3_4 Panicum species.
BorgTonkar^D^S. V1962): Cytology of some interspecific Sorghum hybrids. Sorghum

A^mS)' A comparative study of certain morphological characters of 
Zmanex sorgo hybrids. J. Agric. Res.. 50, 6, 539-552.

D K r„ w NJ (1959): The taxonomy and nomenclature of the wheats, barleys and ryes 
°and their wild relatives. Can. J. Botany, 37, 657-684.

vw Thompson, W.P. (1937): The development of the endosperm and embryo 
^reciprocal interspecific crosses in cereals. J. Genet., 34, 203-227.

Rozzin/a Gutagalli, P.-Piazzi, S.C.-Lordi, S. (1970): An immunochemical ap- 
proach to species relationship in Triticum and some related species. Theor. Appl.

Bremer G^( ITU)^De cytologie van het suikerict. V. Arch. Suikerind Ned. Indie., 13, 

rgl_607
n r F (1928) ■ Ober die Vererbung der Chromosomenzahl bei dem Bastard Nico- 

Sabacum N. Rusbyi Britt. Z.find. Abstr. Vererbsgsl., 47, 7-53.

229



Brieger, F. (1929): Vererbung bei Artbastarden unter besonderer Beriicksichtigung der 
Gattung Nicotiana. Zilchter, 1, 140-152.

Briggle, L.W.-Reitz, L.P. (1963): Classification of Triticum species and of wheat 
varieties grown in the United States. Techn. B. 1278. Agr. Res. Serv., 1-135.

Briggs, F.N.-Allard, R.W. (1953): The current status of the backcross method of plant 
breeding. Agric. Madison., 4. 6-12.

Brink, H.A.-Cooper, D.C. (1947): The endosperm in seed development. Bor. Rev., 13, 
423-541.

Brink, N.A.-Cooper, D.C.-Ausherman, L.E. (1944): A hybrid between Hordeum 
jubatum from a Secale cereale reared and artificially cultivated embryo. J. Hered., 35, 
67-75.

Brown, C.N. (1964): Pollen tube growth and embryological development in Avena 
strigosax A. sativa., J. Hered., 4, 475-477.

Brown, M.S.-Menzel, M.Y. (1950): New trispecies hybrids in cotton. J. Hered., 14, 
291-295.

Brown, M.S.-Menzel, M.Y. (1952): The cytology and crossing behavior of Gossypium 
gossypioides. Bull. Torrey. Bot. Cl., 79, 110-125.

Burbank, L. (1914): Methods and discoveries and their practical application. New York- 
London, 5. 304.

Buxton, B.H.-Darlington, C.D. (1931): Behaviour of a new species, Digitalis mertonen- 
sis. Nature, 127, 94.

Caiola, M.G.-Chichiricco, G. (1986): Crocus sativus pollen germination and pollen 
tube growth in vitro and after intraspecific and interspecific pollination. Can. J. 
Botany, 64, 2774-2777.

Camus, E.G. (1907): A contribution to the study of spontaneous hybrids in the European 
flora, (in: Wilks, W. ed.), Report of the third Intern. Conf. 1906. on Genetics. Royal 
Hort. Soc., 150-154.

Carenya, M.P.-Nikolskii, I.K. (1966): Variations in the number of chromosomes in 
progeny of 70-chromosome amphidiploids. (In Russian). Dokl. Akad. Nauk. BSSR. 
Minsk., 10, 800-802.

Carlson, P.S.-Smith, H.H.-Dearing, R.D. (1972): Parasexual interspecific plant hy­
bridization. Proc. Nat. Acad. Sci., 69, 2292-2294.

Carnahan, H.L.-Hill, H.D. (1961): Cytology and genetics of forage grasses. Bot. Rev., 
27, 1-162.

Carter, A.L.-McNeilly, T. (1973): The effect of humidity on self-incompatibility in 
mature Brussels sprout flowers. Incompatibility Newsletter., 2, 19-21.

Carter, A.L.-McNeilly, T. (1975): Effects of increased humidity on pollen tube growth 
and seed set following self-pollination in Brussels sprouts (Brassica oleracea var. 
gemmifera). Euphytica., 24, 805-813.

Carter, A.L.-McNeilly, T. (1976): Increased atmospheric humidity post pollination: 
A possible aid to the production of inbred line seed from mature flowers in the Brussels 
sprouts (Brassica oleracea var. gemmifera). Euphytica., 25. 531 -538.

Casteller, E.F. (1926): Further species crosses in the genus Cucurbita. Proc. Iowa Acad. 
Sci., 33, 120-121.

Casteller, E. F. (1930): Species crosses in the genus Cucurbita. Am. J. Botany, 17. 1. 
41-57.

Cauderon, Y.-Cauderon, A. (1956): Etude de 1’hybride Fl entre Hordeum bulbosum 
L. et H. secalinum Schreb. Ann. Inst. Nat. Rech. Agron., 6., 307-317.

Cauderon, Y.-Saigna, B. (1961): Obtention d’amphidiploides a partir de Fl (Triticum 
aestivum* Secale). Ann. Ameliorat. Plantes., 11, 3, 360-373.

230



Chapman, V .-Miller, T.N. (1978): The amphiploid of Hordeum chilense * Triticum 

aestivum. CerRes. and longevity. Euphytica, 3, 579-584.
Chiang. M.S. (1974 ^abba^ g di
Chodkowski, K. (1937). Co cmcine au , /■. J Genet 46 81-83
Ctfffri R (1955)' The first interspecific wheat hybrids. J. uener w, oi ax 
C ™ R J (1940): Cytogenetic studies of divergent meiotic spindle formation in Zea 
Clausen^R E -&x>dspeed4RH.9(1925): Interspecific hybridization in Nicotiana. II. 

CLA^E^Y^OW ’̂ytogenetic and taxonomic investigation on melanium violet.

Hereditas 14, 219-308^ (1940): Experimental Studies on the Nature of
Th^A Varied Environments on Western North American Plants. Car-

between barley, wheat and rye. Cer. Res. Comm.,

8, 341-347. Hvbridism in the New Zealand flora. New Phytol., 22, 105-127. 
Cockayne L„< sunflower. Torreya, 18, 11-14.
Co™ (1957) : A genaical investigation of male sterility in green sprouting broccoli.

Proc. Genet. Soc• G.L.-Kao, K.W. (1975): Nuclear fusion in
Constabel, R-Dudits . 2092_2095
Contancr’b. 0963): The current position of Pyrethrum breeding in Kenya. Proc. East 

C ^,C Q hTwT" Interspecific hybrids between Beta vulgaris L. and the wild species 

of Beta. J. ' ' / 0945): Seed collapse following matings between diploid and
Cooper, . ■ , VCopersicum pimpinellifolium. Genetics, 30, 376-410.

tetrapioid ™ Mendels Regel fiber das Verhalten der Nachkommenschaft der
CORRENS, C. pyvvj. ‘ 10 icq uq

cSd^ wTc. (1952): The Genetics of Garden Plants. MacMillan, 

C^RT^C^^d?)' Species hybrids. Amer. Rep. Cambridge, 90-91.
CsiLLfRV G (1983): A Contribution to the List of Possible Interspecific Crosses tn 

Capsicum. Plovdiv, result of crossing round with wrinkled peas with
^arch grains. Proc. Roy. Soc. Sec. B., 80, 122-135.

oeSPeC±N C D (1928): Studies in Prunus. I. II. J. Genet., 19, 213.
Darwin C d 859): On the Ori9in °f Species bP Means °f Natural Selection. John

Darwin Effects °fCross and Self-fertilization in the Plant Kingdom. New

„ Y°* n R (1958)' Male parthenogenesis in barley. Heredity, 12, 493.
De Mot W' (1928): Nucleolar number and size on diploid and aneuploid hyacinths.

Sur la loi de disjonction des hybrides. C. R. Acad., 130, 845-847.
De Vries H. (1901): Das Spaltungsgesetz der Bastarde (Vorlaufige Mitteilung). Ber. 

De^Vrii^H^ On twin hybrids. Bot. Gaz., 44, 401-407.

231



Dewey, D.R. (1971): Synthetic hybrids of Hordeum bogdanii with Elymus canadensis and 
Sitanion hystrix. Amer. J. Bot., 58. 902-908.

Dewey, D.R. (1981): Cytogenetics of Agropyron ferganense and its hybrids with six 
species of Agropyron, Elymus, and Sitanion. Am. J. Botany., 68, 216-225.

Dor^y, E. (1936): Induced polyploidy in wheat and rye chromosome doubling in 
Triticum, Secale and Triticum-Secale hybrid produced by temperature changes J 
Hered., 27, 155-160.

Dosba, F. (1974): Comparison of mean meiotic pairing of two types of hybrids (T. 
aestwum ssp. vulgare x Ae. ventricosa) with and without chromosome 5B Cer Res 
Comm., 2, 141-146.

Driscoll, C.J.-Sears, E.R. (1971): Individual addition of the chromosomes of Imperial 
rye to wheat. Agron. Abstr., 6,

NP BaS‘C Genetics- <In Hungarian). Tankonyvkiado, Budapest,

Dubrovaet, V.P.-Zeludova, V.P.-Kondileva, T.S. (1959): The role of the material 
organism in distant hybridization in wheat. Belg. V. I. Lein., 2, 19-37.

Dudits, D. (1982): Fused Cells, Hybrid Plants. (In Hungarian). Akademiai Kiado 
Budapest, 115.

Dudits, D.-Fejer, O.-Hadlaczky, Gy.-Koncz, Cs.-Lazar, G.-Horvath, G. (1980): 
gene transfer mediated by plant protoplast fusion. Mol. gen. Genet., 179, 

2o3—zoo.
Dudits, D.-Hadlaczky, Gy.-Levy, E.-Fejer, O.-Haydu, Zs.-Lazar, G. (1977): So­

matic hybridization of Daucus carota and D. capillifolius by protoplast fusion Theor 
Appl. Genet., 51, 127-132.

Dudits, D.-Lazar, G.-Bajszar, Gy. (1979): Reversible inhibition of somatic embryo 
differentiation by bromodeoxyuridine in cultured cells of Daucus carota L Cells 
Differentiation, 8, 135-144.

Dudits, D.-Nemeth, G. (1976): Methods of somatic plant genetics in cereal research 
Compete-rendu des seances. Fac. Sci. Agr. de L’etat., Gemblaux, 127-139.

Dunwell, Y.M.-Sunderland, N. (1973): Anther culture of Solanum tuberosum L 
Euphytica, 22, 317-323.

Dustin, A.P.-Havas, L.-Lits, F. (1937): Action de la colchicine sur les divisions 
cellulaires chez les vegetaux. C. R. Assoc. Anat., 32, 177-181.

Dvorak, J. (1981): Genome relationships among Elytrigia (Agropyron) elongata, E. 
stipifolia, E. elongata 4x”, E. caespitosa, E. intermedia, and “£. elonqata lOx”. Can 
J. Genet. Cytol., 23, 481-492.

Dvorak, G.Y.-Knott D.R. (1974): Disomic and ditelosomic additions of diploid 
399-^17°” el°n9atUm chromosomes to Triticum aestivum. Can. J. Genet. Cytol.. 16,

Dwval. M.R.-Biesboer, D.D. (1988): Nonreciprocal hybridization faliure in crosses 
229^234 annUa’ w*^'r'ce ^ecies (Zizaniapalustris x aquatica: Poaceae). Sys. Bot.. 2,

East, E.F. (1928): The genetics of the genus Nicotiana. Bibi. Genet., 4. 243 -318.
East, E.F. (1935): Genetic reactions in Nicotiana. I. Genetics, 20. 403-413,
Eenink, A.H. (1974a): Matromorphy in Brassica olerace’a L. Terminology par­

thenogenesis is Cruciferae and the formation and usability of matromorphic plants 
Euphytica, 23, 2, 429-433.

Eenink, A.H. (1974b): Matromorphy in Brassica oleracea L. II. Difference in par­
thenogenesis ability and parthenogenesis inducing ability. Euphytica, 23, 435-445.

232



. , in Rrawca oleracea L. VI. Research on ovules,
Eenink, A.H (1975a): “• »-43'

embryos and endosperm a P Brassica oleracea L. VII. Research on products
Eenink, A.H. (1975b): Matromorp’ f prickle pollinated plants. Euphytica, 24,

of microsporogenesis and gametogenesis nun P

E,™ G.Y. (1938): A cytologM —v/effMS 1,1 ind“C,i™ °f p01>"

ploidy in plants Proc. N• Jetetraploid hybrid between Euchlaena peren-
Emerson, R.A.-Beadle, G. (193OF a a0_193.

nis and Zea mays. An interspecific hybrid in Allium. Hilgardia, 9,
Emesweller, S.L.-Jones, H.A. (l^F
Ernst) A (1951): “Maternal hybrids" „.eh inlersperibsehen Bestaubungen m der Gat-

Er’™, aT-H  ̂ ™ietal crosses in ““rbitas.Ba//.

Agric, Stat., 263, 343-372^ hvbrids. Proc. Am. Soc. Hort. Sci., 34, 577-581.
Eseltime, C.P. van (193 ). ucu . riQ833 Genetic researches of Cucurbitaceae. Int. 
Esquinas-Alcazar, J.T.-Guliek, a

Board Plant Genet. Res.. 1 10' _ G.L. (1980): Somatic hybrid plants of Nicotiana
Evans, D.A.-Wetter, L. Gained by protoplast fusion. Physiol. Plantarum, 48, 

glauca and Nicotiana tabacum obtainea uy P
225-230. /107?')• Entwicklung eines Testverfahrens fur die Bestimmung

bei BmSSiCa L Ztichtun9forsch’ 2’

c 39“5L t c nofiAF Problems of comparative genetics of plants. I. Principles of the 
Fadeeva, T.S (1966) mple of the genus Fragaria. Genetika, 1, 1-28.

genome analysis on Ability, eu- and pseudoincompatibility in the genus Rose.
F AGER LIND, F. L

Acta Hort. Berg., 15, I 3 • Qomparjson of the crossability of rye (Secale cereale)
Falk, D.E.-Kasha, ■ ■ wheat (Triticum aestivum). Can. J. Genet. Cytol., 23, and Hordeum bulbosum onto wneai (

81-88. /1QR3V Genetic studies of the crossability of hexapioid wheatFalk, D.E. Kasha K Y
and Hordeum bu as Especes tetraploides interspecifiques amphidiploides et 

Fardy, A.-Hitier, ■ ar i’action de la colchicine. Mem. Serv. Exploit. Industr.
triples de Nicotiana, ooten p
Tabacs, 1, Y 1'7- g^. Hybridization of Tripsacum and Zea. J. Hered.. 48, 295-299.

Farquharson, — making and improvement of wheats for Australian conditions.
Farrer, W. (1898). 1 e

Agr. GazProduction, morphology and meiosis of reciprocal barley-wheat 
/ Genet Cytol.. 22, 117-123.

hyenas. c an. (19g0). ProdUction of trigeneric (barley-wheat) x rye hy-
Fedak, G.-Armstrono. v

. . . 1 A op! Genet., 56, 221—224.
bT'as- (1978a): Cytology and isoenzymes of some Triticum auto- and

Fejer, . e ' inform. Serv. Kyoto, 47-48,41-44.
amphiploias. (1978b): Cytology and isonezymes of T. aestivum x T. timopheevi 

Fejer O. Bei- . A. Symp New Delhi, 315.321.
amP‘!'l:20ian aczky Gy.-Belea, A. (1976): Electrophoretic isoenzyme studies on the 

Feier, O. HA _ * ■ ' turqidUm ssp. carthlicum amphiploid. Acta Agr. Agron.
Aegtlops ovata ^ji>‘»
Acad. Sci. Hung.. 25, 445-448.



feldman, M. (1966): Identification of unpaired chromosomes in Fj hybrids involving 
Triticum aestivum and T. timopheevii. Can. J. Genet. Cytol., 8, 144 151.

Filutowicz, A.-Kuzdovicz, A. (1959): Artbastarde zwischen Zuckerriiben und Beta 
patellaris Mog. Zuchter, 29, 4, 179-183.

R.A Benn^ M D- <1980): Mitotic biotic chromosome behaviour in new 
hybrids of Hordeum with Triticum and Secale. Heredity 44 201-209

FtNCH, R.A.-Bennett, M.D. (1982): Preferential survival of wheat haploids over hy­
brids in a wheat x barley cross. Heredity, 48. 293-298.

Hrbas, H. (1920): Uber die Erzeugung von Weizen-Roggen-Bastardierungen Z Pflan- 
zenzucht., 7, 249-282. '

Focke, W.O. (1881): Die Pflanzen Mischlinge. Berlin, Borntraeger
Fojtik, A.-Horak, J.-Cernoch, V. (1987): Method of crossing and raising seeds on 

excised stems or stalks (in vitro) in some species of fodder crops. Vyz Slecht Ustav 
Pien. Brno, 10, 43-51.

Foklam, R. (1950): Interspecific and intergeneric crosses of Gramineae. Amer Spe 
Agr., 4, 537-560. ‘ '

Frandsen, K. (1947): The experimental formation of Brassica napus L. var oleifera DC 
and Brassica carinata Braun. Dansk. Bot. Ark., 12, 7-16.

Frankel, O.H. (1947): The theory of plant breeding for yield. Heredity 1, 109-120
Frasen J.C.-Peterson, R.F. (1954): Handbook of Canadian Cereal Varieties of Barley, 

Field Beans, Flax, Oats, Spring and Winter Wheat. The Searl. Grain Co Ltd Win­
nipeg.

Fukasawa, H. (1958): Studies on restoration and substitution of nucleus (genome) in 
Aegi otricum. 7. Curious abnormalities of stomata appearing in the leaves of male- 
sterile durum wheats. Cytologia. 23, 128-142.

Fukumoto, K. (1962): Nuclear instability and chromosomal mosaicism in high poly­
ploids of Solanum species and hybrids. Jap. J. Bot., 18, 19-53.

Gaertner, C F (1849): Versuche und Beobachtungen uber die Bastarderzeuqunq im Pflan- 
zenretch. Hering, Stuttgart, 790.

Gaines, E.F.-Aase, H.C. (1926): A haploid wheat plant. Amer. J. Bot. 13, 373-385
Galinat, W.C.R.-Chagant, S.K.-Hager, F.D. (1964): Tripsacum as a possible amphi- 

ploid of wild maizes and mamsuris. Bot. Mus. Leaflets, Harvard University 20 289
Gandilyan P.A.-Shakaryan, Zh.-Petrosyan, E.A. (1986): Synthesis of new emmers 

an a tetrap loid speltoids, and problems of phylogeny in the wheat genus. (In Russian) 
Biol. Zhur. Armenii., 39, 5-15.

Garay, L.A.-Sweet, H.R. (1974): Hybrid generic names, (in: Withner, G L ed The 
Orchids. Scientific studies. London.)

Gardella, C. (1950): Overcoming barriers to crossability due to style length Am J 
Botany, 37, 219-224. 6

Gill M S.-Bajaj Y.P.S. (1987): Hybridization between diploid (Gossypium arboreum) 
°‘d Gossypium hirsutum> cotton through ovule culture. Euphytica. 36, 2, 

vJU.
Giorgi, B.-Bozzini, A. (1969): Karyotype analysis in Triticum. III. Analysis of the 

presumed diploid progenitors of polyploid wheats. Caryoloqia 22. 279-288
Gleba, Y.Y.-Hoffmann, F. (1979): “Arabidobrassica" plant-genome engineering by 

protoplast fusion. Naturwissenschaften, 66, 547-554,
Gleba, Y.Y.-Momot, V.P.-Okolot, A.N.-Cherep, N.N.-Kotov, V (1982)- Genetic 

proves in intergeneric cell hybrids Atropa x Nicotiana. 1. Genetic constitution of 
cells ol different clonal origin grown in vitro. Theor. Appl. Genet., 65, 269-276.

234



Glimelius, K.-Fahlesson, J.-Sjodin, G.-Sundberg, E.-Bonnett, H.T. (1986): Somat­
ic hybridization and cybridization as potential methods for widening of the gene-pools 
of crops within Brassicaceae and Solanaceae. (in: Genet, man. plant breed. Eucarpia.) 
663-682.

Godron, D.A. (1863): Rapport sur la question de 1‘hybndite dans les vegetaux, mise en 
concours par 1’Academic des Sciences. Ann. Sci. Nat. Bot., 19, 125—134.

Godron, D.A. (1873): De la floraison des graminies. Soc. Sci. Nat. Cherbourg., 17, 
105-192.

Goodspeed, T.H. (1945): Cytotaxonomy of Nicotiana. Bot. Rev., 11, 533-592.
Goodspeed’ T.H.-Avery, P. (1939): Trisomic and other types in Nicotiana sylvestris. J. 

Genet., 38, 381-458.
Goodspeed, T.H.-Clausen, R.E.-Chipman, R.H. (1926): Interspecific hybridization in 

Nicotiana. IV. Univ. Calif. Publ., 11, 103-115.
Goodspeed, T. H.-Clausen, R. E.-Chipman, R. H. (1927): Interspecific hybridization 

in Nicotiana V. Univ. Calif. Publ., 11, 117-125.
Granhall, J. (1943): Genetical and physiological studies in interspecific wheat crosses. 

Hereditas, 29, 269-380.
Grant, V. (1950): Genetic and taxonomic studies in Gilia. I. Gilia capitata. Aliso, 3, 

239-316.
Grant, V. (1971): Plant speciation. Columbia University Press. New York.
Grant, V. (1979): The origin of a new species of Gilia in a hybridization experiment, 

(in: Levin, D.: Hybridization. An evolutionary perspective.) 62-72.
Grant V.-Grant, K. (1971): Natural hybridization between the Cholla cactus species 

Opuntia spinosior and Opuntia versicolor. Proc. Nat. Acad. Sci., 68. 1993-1995.
Grosser, J.W.-Gmitter, F.G.-Chandler, Y.L. (1988a): Intergeneric somatic hybrid 

plants from sexually incompatible woody species Citrus sinensis and Severinia disticha. 
Theor. Appl. Genet. 3., 397-401.

Grosser, J.W.-Gmitter, F.G.-Chandler, Y.L. (1988b): Intergeneric somatic hybrid 
plants of Citrus sinensis cv. Hamlin and Poncirus trifoliata conv. Flying Dragon. Pl. 
Cell Rep., 7, 5-8.

Gubareva, N.K.-Gavrilyuk, J.P.-Peneva, T.I.-Konarev, A.V. (1975): Wheat genome 
origination on the data of biochemical and serological studies of seed proteins. All-Union 
N. I. Vavilov Inst. Pl. Industr. Leningrad.

Gubta, S.B. (1969): Duration of mitotic cycle and regulation of DNA replication in 
Nicotianaplumbaginifolia and a hybrid derivative of N. tabacum showing chromosome 
instability. Can. J. Genet. Cytol., 11, 133-142.

Guetrot, M. (1927): Plantes Hybrides de France. Lille-Paris, 3, 4. 5. 7.
Guincke, F.L. (1940): Interspecific and intergeneric crosses with Hordeum. Can. J. Res. 

C„ 18,’372-373.
Gustafson, J.P. (1984): Gene manipulation in plant improvement. 16th Stadler Genet. 

Symp., 668.
Guttenmacher, J. (I960): Immunity and plant breeding. (In Romanian), Ann. Romi- 

no-Soviet Ser. Agric.-Zootech., 14, 57-69.
Gyorffy, B. (1939): Polyploidy induced with colchicine. I. Acta Biol. Acad. Sci. Hung., 

29.
Gyorffy, B. Melchers, G. (1938): Die Herstellung eines fertilen, amphidiploiden 

Artbastardes Hyosciamus niger* H. albus durch Behandlung mit Colchicinlbsungen. 
Naturwiss.. 26, 547.

Haartman, Y. (1751): Plantae hybridae. Amoenitates academieae., 3, 28-62.

235



Hadlaczky, Gy.-Belea, A. (1975): C-banding in wheat evolutionary cytogenetics. 
Plant Sci. Lett., 4, 85—88.

Hall, O. (1954): Hybridization of wheat and rye embryo transplantation. Hereditas, 40, 
21-36.

Hamon, S.-Yapo, A. (1986): Perturbation induced within the genus Abelmoschus by the 
discovery of a second edible okra species in West Africa. Acta Hort., 182, 133-143.

Hansen, A. (1959): Die Grashybriden in der Flora Frankreichs. Kritik und Erganzun- 
gen. Bull. Jard. Etat. Brux., 29, 61-68.

Hart, G.E. (1970): Evidence for triplicate genes for alcohol dehydrogenase of enzymes 
in plants. Proc. Nat. Acad. Sci., 66, 1136-1141.

Hawkes, J.G. (1958): Significance of wild species and primitive forms for potato breed­
ing. Eupytica, 7, 257-270.

Hayase, H. (1950): Studies on Cucurbita crosses. I. Pollen tube growth in interspecific 
hybrids. Jap. J. Genet., 25, 181-190.

Hakansson, A. (1929): Die Chromosomen in der Kreuzung Salix viminalis x S. caprea. 
Hereditas, 13. 1-52.

Hakansson, A. (1936): Die Reductionsteilung in einigen Artbastarden von Pisum. 
Hereditas, 21, 215-222.

Hakansson, A. (1953): Endospermium formation after 2x x4x crosses in certain 
cereals, especially in Hordeum vulgare. Hereditas, 39, 57-64.

Hakansson, A.-Ellerstrom, S. (1950): Seed development after reciprocal crosses be­
tween diploid and tetrapioid rye. Hereditas, 36, 256-296.

Heiser, C.B. (1954): Variation and subspeciation in the common sunflower, Helianthus 
annuus. Am. Nat., 85, 65-72.

Henslow, J.S. (1891): On the examination of a hybrid Digitalis. Cambridge Phil. Tran. 
4, 251-2T1.

Herbert, W. (1819): On the production of a hybrid vegetables, with the result of many 
experiments made in the investigation of the subject. Trans. Hort. Soc. of London 4, 
15-50.

Hermsen, T.G.T. (1957): Semi-lethality in hybrid offspring of wheat. Euphytica, 6,

Herribert-Nilsson, J. (1955): Problemi poliploidii. Agrobiologiya, Moscow, 1-45.
Heszky, L. (1972a): Production of autotetraploid forms of Lolium perenne L., L. 

multiflorum Lam., L. multiflorum var. westerwoldicum (Mansch.) Wittman and Festuca 
pratensis Huds. using various types of colchicine treatment. Agrobotanika, 13, 53-69. 
(In Hungarian).

Heszky, L. (1972b): Interspecific crosses within the genera Lolium and Festuca and 
between the genera. II. The studies on the intergeneric hybrids. Aqrobotanika 13, 
69-77. (In Hungarian).

Heyne, E.C. Jonston, C.O. (1954): Inheritance of leaf rust reaction and other characters 
in crosses among Timstein, Pawnee and Red Chief wheats. Agr. J., 46, 81-85.

Hmelev, B. F. (1952): Vegetative approchement in distant hybridization of wheat. Agro­
biologiya., 4, 139-142.

Holmes, F.O. (1938): Inheritance of resistance to tobacco-mosaic diseases in tobacco. 
Phytopath., 28, 553-561.

Hougas, R.W.-Peloguns, S.J. (1959): Hybrids of Solanum tuberosum haploids and the 
tuber-bearing Solanum species. Am. Potato J., 36, 296.

Howard, H.W. (1942): The effect of polyploidy and hybridity on seed size in crosses 
between Brassica chinensis, B. carinata, amphidiploid B chinensis-carinata and auto­
tetraploid chinensis. J. Genet., 43, 105-119.

236



WiTAMr A I -T i W B.-Sun V.R.-Ihang, W.-Li, X.H. (1983): Observation of somatic 
hybrid progeny between tobaccon and petunia. Genet. Man. Crop Newsletter. 1, 88-89.

ICHIJIMA, K. (1978): Studies in the genetics of Fragaria. Z f. Abstr. I eteib. 55,300 - 27.
Isenbeck, K.-Rosenstiel, K. (1950): Die Zuchtung des Weizens. Parey, Berlin-Hamburg 

529Island A.K.M.R. (1980): Identification of wheat-barley addition lines with N-banding

ISLAM,\°k“sh^ Addition of individual

D.H.H. (1981). Isolation and charac-
terization of euplasmic wheat-barley chromosome addition line. Heredity, 46,

R, am M R -Sparrow, D.H.H. (1974): Chromosome elimination in interspecific 
hvbrids involving Hordeum arizonicum (6x) x Hordeum vulgare (2x) and Hordeum hybrids involving no (2x) Barl Genet News[etter> 4, 36_37.
arizonicum (ox.) Hordeum uuiuusu \ . .

Izard C (1950)' Contribution a 1’etude cytogenetique des hybndes interspecifiques de 
Nicotiana Ann Inst. Exp. Tabac. Bergerac, 1, 79-92

Izhar S -Power, J.B. (1979): Somatic hybridization in Petunia: a male sterile cytoplas­
mic hybrid. Plant Sci. Letters, 14, 49 55. .

t a a V 119741 • The origin of tetrapioid wheats on the basis of electrophoretic sudies
o enzymeAcad. Sci. Estonian, SSR. Biol.,3 .

Jaiswal H.L.-Singh, B.D. (1986): Introgression of genes for yield and yield traits from 
C reticulatum into C arietinum. Intern. Chickpea Newsletter, 14, 5-8.

Jamane Y (1953)' Studies on species hybrids in the genus Cucurbita. Fj hybrids of C. 
moschata x C pepo with the special reference to varieties Kogiku (C. moschata) and 
Somen (C. pepo). Biol. J. Okayama Univ., 1, 202-208.

Janaki Ammal E.K. (1938): Chromosome numbers in sugarcane x bamboo hybrid.
"Nature 141 925.

Iankun A -Kovanda, M. (1988): Apomixis at the diploid level in Sorbus eximia. 
rEmbryoloScal studies in Sorbus 3.) Presbia, 60, 191-213.

Jeffrey EC (1915): Some fundamental morphological objections to the mutation 
theory of De Vries. Amer. Nat., 49, 5-21.

Ifi fnkovic G -Olms, H.S. (1968): Cytogenetics of Vitis. 3. Partially fertile Fj hybrids 
between V vinifera L. x K rotundifolia Michx. Vitis, T 281-293.

Jelenkovic, G. olms, H.S. (1969): Cytogenetics of Vitis. 5. Allotetraploids of V. 
vinifera L x V. rotundifolia Michx. Vitis, 8, 269-279.

Ifmkin T I -Thomas, P.T. (1939): Interspecific and intergenenc crosses in herbage 
grasses III J- Genet., 27, 255-286.

Ii nsfn CJ (1972): Production of monoploids in barley. Proc. FAOflAEA andEucarpia 
CMl^Vs): Production of monoploids in barley and doubled monoploid tech- 

niaues and experience. Proc. Third Intern. Barley Genet. Symp., 326-345.
Ioarder O T.-Eunus, A.M. (1970): Genetic studies of two crosses of Brassica campe- 

stris L. Exp. Agr., 6, 351-357
Iohnson AG (1958): Male sterility in Brassica. Nature, 182. 1523.

B I (1967)' Tetrapioid wheats: Seed protein electrophoretic patterns of the 
Emmer and Timopheevii groups. Science, 158, 131-132.

inMNsnN B L (1972): Protein electrophoretic profiles and the origin of the “B" genome 
of wheat. Proc. Nat. Acad. Sci.. 69, 1398-1402.

237



Johnson, B.L. (1975): Identification on the apparent B-genome donor of wheat Can 
J. Genet. Cytol., 17, 21-39.

Jones, J.W-Jensen, N.F. (1954): Behaviour of the hairneck character in wheat-rve 
hybrids. Agron. J., 46, 78-80.

Jorgensen, C.A. (1928): the experimental formation of heteroploid plants in the genus 
Solanum. J. Genet., 19, 133-210.

Kahn, T.L.-DeMason, D.A. (1986): A quantitative and structural comparison of Citrus 
pollen tube development in cross-compatible and self-compatible gynoecia Can J 
Botany, 64, 2548-2555.

Kamala, T. (1976): Interspecific hybrids in Brassica. Cytologia, 41, 407-415.
Kaniewski, K. (1948): Zarys strukturg genetycenej gatunkow pszeniczy. Warsaw, 76.
Kao, K.N. (1977): Chromosomal behaviour in somatic hybrids of soybean x Nicotiana 

glauca. Mol. gen. Genet., 150, 225-230.
Kao, K.N.-Kasha, K.J. (1969): Haploidy from interspecific crosses with tetrapioid 

barley. Genetics, 2, 82.
Kao, K.N.-Michayluk, M.R. (1974): A method for high-frequency intergeneric fusion 

of plant protoplast. Planta, 115, 355-367.
Karpechenko, G.D. (1928): Polyploid hybrids of Raphanus sativus L. x Brassica olera­

cea L. Z.f. Vererbgsl., 48, 1.
Karpechenko, G.D. (1929): Konstantwerden von Art- und Gattungsbastarden der 

Chromosomenkomplexe. Zuchter, 1, 133-140.
Karpechenko, G.D.-Shavinskaya, S.A. (1929): On sexual incompatibility of tetrapioid 

hybrids. Proc. USSR Congr. Genet., 2, 267-276.
Kartha, K.K.-Michayluk, M.R.-Kao, K.N.-Gamborg, G.L.-Constabel, F. (1974): 

Callus formation and plant regeneration from mesophyll protoplasts of rape plants 
(.Brassica napus cv. Zephyr). Plant Sci. Letters, 3, 265-271.

Kaschiri, M. (1974): Bedeutung von Weizen-Aegilops-Kreuzungen fur die Ver- 
besserung des Saatweizens. Angew. Botanik, 48, 161-174.

Kasha, K.-Kao, K.N. (1970): High frequency haploid production in barley ( Hordeum 
vulgare L.). Nature, 225, 874.

Katayama, T. (1966): Cytogenetical studies on the genus Oryza. 2. Chromosome pairing 
in the interspecific hybrid with the ABC genomes. Jap. J. Genet., 41, 309-316.

Katayama, Y. (1931): Variation in the number of bivalent chromosomes in the Fj 
hybrids between Triticum durum and Aegilops ventricosa. Contr. Lab. of Genet. Biol. 
Inst. Kyoto Imp. Univ., 19, 242-445.

Katayama, Y. (1933): Crossing experiments in certain cereals with special reference to 
different compatibility between the reciprocal crosses. Mem. Col. Agric. Kyoto Imp 
Univ.. 27, 1-75.

Kato, M.-Tokumasu, S. (1976): The mechanism of increased seed fertility accompanied 
with the change of flower colour in Brassicoraphanus. Euphytica, 25, 761-767.

Kattermann, G. (1935): Genetische Ergebnisse bei Weizenroggenbastarden bis F4. J. 
Pflanzenbau, 12, 131-149.

Kattermann, G. (1936): Stand und Aussichten der Weizen-Roggenbastardierung Pr 
BL f Pflanzen, 14,266. '

Kavecka, G.O. (1958): Embriology of winter rape. (In Russian). Ukr. Bot. Zhurn. Kiew 
15, 1. 37-47.

Kehr, A.E. (1951): Monoploidy in Nicotiana. J. Hered., 42, 107-112.
Kehr. A.E.-Smith, H.H. (1952): Multiple genome relationships in Nicotiana. Cor. Unit. 

Agric. Exp. Sta., 311, 19, 5.

238



i/rnnCD p r Dyck P L (1969)' Inheritance in hexapioid wheat of leaf rust resistance 
and otheY characters derived from Aegilops squarrosa. Can. J. Genet. Cytol., 11,

Khi^niak”, V.A. (1937): Wheat-Agropyron amphidiploids - a new useful fodder crop 
plant. (In Russian). Selekcia i Semenovodstvo USSR, 11, 56-57.

vHn«T a M K (1988)' Interspecific hybridization in genus Ocimum involving the species 
CWilld (2n = 40) and O. Willd. (2n-48). Col^la. 53, 37^4.

KHOST A M K-Sboti, S.N. (1986): Cytogenetic studies in the genus Ocimum. inter­
specific hybrids and induced amphiploids of O. gratissimum L. (2n 40) x o. viride 
Willd (2n = 48) Cvtologia, 24, 26-35. , . . , .

Kihara H (1924)- Zytologische und genetische Studien bei wichtigen Getreidearten nut 
besonderer Riicksicht auf das Verhalten der Chromosomen und die Stenhtat in den 
Bastarden. Neu. Coll. Sci. Ser. B., 1, 200.

Kihara, H. (1937): Genomanalyse bei Triticum und Aegilops. VII. Mem. Coll. Agric.
Kyoto Imp. Univ., 41, 1-61. .

Kihara H (1938): Cytogenetics of species hybrids. Curr. Sci., 4,
Kihara^ H. (1940): Verwandtschaft der Aegilops-Arten im Lichte der Genomanalyse. 
Kihar^H^U^D^Substitution of nucleus and its effects on genome manifestation. 

Kihara^ H^tl^M^Restoration and substitution of nucleus. Caryologia, 6, 900-902.
Kihara’ K-Katayama, Y. (1931): Genomanalyse bei Triticum und Aegilops. III. Cy-

KiHAR^H-LiLiENreLD, F. (1936): Riesenpollenkorner bei den FrBastarden Aegilops 
squarrosa* Haynaldia villosa und Aegilops caudata* Aegilops speltoides. Jap. J. 
Genet., 12, 239-256. . , D „ , , „

Kihara H -Lilienfeld F (1949): A new synthesized 6x-wheat. Proc. 8th Intern. Congr.
Genet. Stockholm. Hereditas, 1, 307-319.

Kihara, H.-Matsumura, S. (1940): Weitere Untersuchungen uber die pentaploiden 
Tnticum-Bastarde. XII. Jap. J- Bot.. 11, 27-39.

Kihara, H.-Nishiyama, J. (1932): The genetics and cytology of certain cereals. III. 
Japan. J. Botany, 6, 246-305.

Kimber G (1967): The addition of chromosomes of the Aegilops umhellulata to Triticum 
aestivum (yar. Chinese Spring). Genet. Res.. 9, 1H-H4. .

Kimber G (1983)' The suppression of characters of generic importance in hybrids and 
amphiploids in the Triticeae. Cer. Res. Comm.. 11, 9-14.

Kimbi r G-Sallee P.J. (1976): A hybrid between Triticum timopheevn and Hordeum 
hoadanii Cer. Res. Comm., 4, 33-37. ‘

Kimber G-Sallee, P.Y. (1979): A trigeneric hybrid in the Triticeae. Cer. Res. Comm., 
7 5-9K A (1953): Experimental hybridization of the oleiferous Brassica napus and Brassica 
rana (In Hungarian). Novenytermeles, 2, 134-143.

Kiss A. (1955): Wheat-rye hybrids and the genetic analysis of Triticale No. 1. MTA 
Aararoszt Kdzl<> 6, 85 119.

Kiss A. (1956): Studies on (T. timpoheevii* T. durum) x T. aestivum trispecies hybrids. 
(In Hungarian). Novenytermeles, 5, 2 .

Kiss A. (1966): Kreuzungsversuche mil Triticale. Sonderabdruck aus Der Zuchter,
■,/ A

Kiss’A. (1968): Triticale. (In Hungarian). Mezogazdasagi Kiado, Budapest, 1-117.

239



Kiss, A. Belea, A. (1958): Interspecific and intergeneric crosses. (In Hungarian) Ui 
nemesitesi modszerek c. temadokumentacio, OMgK, 30-36.

Kiss, A.-Redei, G. (1953): Experiments to produce rye-wheat (Triticale). Acta 
Agronomica, 3, 257-276.

Kleinhempel, O.-Themann, H. (1987): Studies on tuber yield and other important 
characters of dihaploid x tetrapioid potato progenies (Solanum tuberosum L.) EAPR., 
77—78.

Knight, T.A. (1799): An account of some experiments of the fecundation of vegetables 
Phe. Trans. Roy. Soc. of London, 195-204.

Knobloch, J. W. (1968): A Check List Crosses in the Gramineae. Michigan, 1-34.
Knott, D.R. (1964): The effect on wheat of an Agropyron chromosome carring rust 

resistance. Can. J. Genet, Cytol., 6, 500-507.
Koelretjter, Y.G. (1766): Vorliiufige Nachricht von einigen das Geschlecht der Pflanzen 

betreffenden Versuchen und Beobachtungen, nebst Fortsetzungen 1, und (1761-66) W. 
Pfeffer, in: Ostw. Klass, exact. Wissenschaft., Leipzig, 1893.

Kokava, T.D. (1987): Wild citrus species and their use for breeding purposes. Rast. Res., 
23, 513—520.

Koleda J (1966): Studies on the inheritance of anthociain glucosides in interspecific 
grape hybrids. “Lippai Janos” tud. ulesszak, 7, 485-497.

Kollanyi, L. (1965): Susceptibility of raspberry cultivars to Didymella and utilisation 
of certain wild species in resistance breeding. (In Hungarian). Novenynem. es noveny- 
term. Kut. Int. Kbzl., 2, 39—48.

Kollanyi, L. (1974): Use of some Rubus species in raspberry breeding Proc XIV 
Intern. Horticult. Congr., 357.

Konarev, A.V. (1975): Differentiation of the first genomes of polyploid wheats based 
on data from immunochemical analysis of ethanol fraction of grain protein Bull 
All-Union Vavilov Inst. Pl. Industr., 47, 11.

Konarev, A.V.-Tarlakovskaya, A.M.-Gavrilyuk, Y.P. (1983): Immunochemical 
investigation of seed protein in the tribe Vicieae in connection with the questions of 
differentiation of species and genera. Post. Zhurn., 68, 911, 53-116.

K 33T°139 D’ (193°): °ntOgeny’ genetics and cytology of Nicotiana hybrids. Genetica, 12,

Kostoff p. (1933): Cytogenetic studies of the triple fertile hybrid Nicotiana taba- 
cum* (N. sylvestris* N. Rusbyi) x N. triplex. Vzez. In. Rast., 2, 5, 167-205

Kostoff. D. (1936): Studies on polyploid plants. XL Z. Pflanzenziicht., 21, 41-45.
Kostoff. D. (1937): Chromosome behaviour in Triticum and allied genera. II. Tr. 

timopheevi (n- 14) x Secale cereale (n = 7). Z. Pflanzenziicht., 21, 378-379.
Kostoff, D (1938): Cytogenetic studies on N. sy Ives tris* N. tomentosiformis hybrids 

and their bearings on the problem of the origin of N. tabacum. Comp. Rend de I’Acad 
des Sci. de USSR., 18, 7.

Kostoff D. (1943): The reaction of parental tobacco plants and of their hybrids to 
female sterility virus”. Arch. Ges. Virusforsch., 3, 57-61.

KoRnicke, F. (1885): Handbuch des Getreidebaues, Arten und Varietaten des Getreides 
Paul Parey, Berlin, 116.

Krishnaswamy, N.-Chandrasekharan, S.W. (1960): Cytogenetics and plant breeding 
Madras Press, 145.

Kristofferson, K.B. (1926): Species crosses in Malva. Hereditas, 7, 233-354.
Krumbiegel, G.-Schieder, O. (1979): Selection of somatic hybrids after fusion of 

protoplasts from Datura innowia Mill, and Atropa belladonna L. Planta, 145, 371-375,

240



Kruse A (1967)' Interspecific hybrids beween Hordeum vulgare L. ssp. distichon (v. 
Pallas, 2n = 14) and Secale cereale (v. Pergus, 2h= 14). Ved.-og. Landbohojsk, Arrisk., 
82-92

Kruse A (1973): Hordeum * Triticum hybrids. Hereditas, 13, 157-161.
Kruse’ A (1974): Hordeum x Agropyron hybrids. Hereditas, 68, 291-294.
Kuckuck H (1934). Species crosses with barley. Ziichter, 6, 270-273.
Kuckuck’ H (1959): On the findings on the arising of Triticum spelta L. in Iran and 

on the arising of Triticum aestivum types through crossing of different Spelta types. 
Wheat Inform. Serv., Kyoto, 9-10.

Kuckuck. H. (1979): Gartenbauliche Pflanzenzuchtung. Parey, 2. ed. Parey, Berlin,

Kushairi, A.D. (1985): Agronomic performance and genetic variability of Elaeis oleife- 
ra* Elaeis quineensis hybrids. ISOPH Newsletter, 2, 12.

Kushnir G A-Halloran, M.T. (1983): Evidence on the origin of the G genome in 
wheat:’cytology and fertility of a T. timopheevi-X^ mutant. Can J. Genet. Cytol., 25,

KnsproA V -TTnrau Y (1957): Genetic analysis of certain characters of common wheat 
using whole chromosome substitution lines. Can. J. Plant Sci., 37, 300-326.

Kuster, E. (1909): Eine Methode zur Gewinnung abnorm grosser Protoplasten. Archiv 
fur Ensickl., 30, 351-355. „

I aihacm F (1925)' Das Taubwerden von Bastardsamen und die kunsthche Aufzucht 
fruh absterbender Bastardembryonen. Zeitschr. Bot., 17, 417-459.

Lamprecht H (1948): Zur Losung des Artproblems neue und bisher bekannte Ergeb- 
nisse der Kreuzung Phaseolus vulgaris x P. coccineus und reziprok. Agic. Hort. Genet., 

Lange7 W 5(1971)’ Crosses between Hordeum vulgare L. and H. bulbosum L. I. Produc­
tion morphology and meiosis of hybrids, haploids and dihaploids. Euphytica, 20, 14.

Laurie D A -Bennett, M.D. (1987): The effect of the crossabihty of loci krl and kr2 
on fertilization frequency in hexapioid wheat x maize crosses. Theor. Appl. Genet., 73, 
403-409.

Law C N (1967): The development and use of inter-varietal chromosome substitution. 
EWAG Newsletter, 68, 22-23.

Lebedeff, V.N. (1932): The new phenomena in wheat-rye hybrids. Ukr. Wiss. Inst.
Zuckerind., 1-82. . , ,

Lecoq H (1862)' De la fecondation naturelie et artificielle des vegetaux et de 1 hybridiza­
tion ’ consideree dans ses rapports avec 1’horticulture et la sylviculture, contenant les 
moyens practiques d’perer 1'hybridization et de creer facilement des varietes nouvelles.

Lif ^Y R-Larter, L.E. (1970): Meiotic behaviour of wheat rye addition and sub­
stitution lines. Crop Sci., 10, 144-145.

Lee Y R -Smith, F.H. (1970): Some chemical properties of hybrid seed from a cross 
between Gossypium barbadense L. and Gossypium davidsonii Kell. Crop Sci., 10, 

Leggett 1 M (1980): Chromosome relationships and morphological comparisons bet­
ween the diploid oats Avena prostrata, A. canariensis and the tetrapioid A. maroccana. 
Can. J. Genet. Cytol., 22, 287-294.

Lehmann Ch.O. (1954): Das morphologische System der Saaterbsen (Pisum saticum 
J L. sens’ lat. Gov. ssp. sativum). Ziichter, 24, 316.

Lehmann, E. (1925): Die Gattung Epilobium. Bibi. Genet., 1, 363—415.

241



Leight, G.-Taylor, J.W. (1927): Studies in natural hybridization of wheat. J Ara Res 
35, 865-887.

Lelley, J. (1953): Observation on T. aestivum and T. timopheevii hybrids. (In Hun­
garian). Novenytermeles., 2, 22-27.

Lelley, J. (1976): Wheat breeding: Theory and practice. Akademiai Kiado, Budapest,

Lelley, J.-Mandy, G. (1963): Wheat. Triticum Aestivum L. (In Hungarian). Akademiai 
Kiado, Budapest, 1-50.

Lelley, J.-Rajhathy, T. (1955): Wheat and Wheat Breeding (In Hungarian). Akademiai 
Kiado, Budapest, 271-323.

Levan, A. (1936): Different results in reciprocal crosses between diploid and triploid 
Allium schoenoprasum L. Nature, 138, 3490.

Levan, A. (1937): Chromosome numbers in Petunia. Hereditas, 23, 98-112.
Levan, A. (1941): The cytology of the species hybrid Allium cepa* A.fistulosum and its 

polyploid derivatives. Hereditas, 27, 253-272.
Leveille, H. (1917): Les hybrides de France. Bull. Georg. Bot., 27, 34-68.
Levin, D.A.-Smith, D.M. (1966): Hybridization and evolution in the Phlox pilosa 

complex. Am. Nat., 100, 289-302.
Lewis, D. (1960): Genetic control of specific activity of the S-antigen in plants Proc 

Roy. Soc. L. 151, 468-477.
Lewis, H. (1961): Experimental sympatric population of Clarkia. Amer Nat 95 

155-168.
Lilienfeld, F.A. (1933): Karyologische und genetische Studien auf Fragaria. II Jan J 

Bot., 6, 425-458.
Lindstrom, E.W. (1935): Segregation of quantitative genes in tetrapioid tomato hybrids 

as evidence for dominance relations of size characters. Genetics, 20, 1-11.
Linne, C. (1753): Species plantarum. T. i. Holmie. Upsaliae.
Loh, C.S.-Wu, T.R. (1950): Intergeneric hybrids between Saccharum and Miscanthus.

Sugarcane Res. Taiwan, 4, 215-228.
Lotsy, J.P. (1916): Evolution by means of hybridization. Nijhoff, Hague, 166.
Love, H.H.-Graig, W.T. (1919): The synthetic production of wild wheat forms. J 

Hered., 10, 50-65.
Lowenstein, J. (1951): Uber die Befruchtungsverhaltnisse zwischen diploiden und tetra- 

ploiden Roggen. Z. Pfanzenziicht., 13, 104-133.
Maan, S.S.-Lucken, K.A. (1971): Nucleo-cytoplasmic interaction between cytoplasm 

of Aegilops and genomes of Triticum species. J. Hered., 62, 149-152.
MacArthur, J.W.-Chiasson, L.P. (1947): Cytogenetic notes on tomato species and 

hybrids. Genetics, 32, 165-177.
MacDougal, D.T. (1907): Hybridization of wild plants. Cot, Gaz., 43, 45-58.
MacFarlane, J.M. (1890): The microscope structure of hybrids. Gard. Chron., 7, 543.
MacKay, G.R. (1968): Possibilities from the use of matromorphy. (In: Dixon, G.E. ed.) 

Proc. Brassica Meet. Eucarpia.
MacKay, G.R. (1972): On the genetic status of maternals induced by pollination of 

Brassica oleracea with Brassica campestris. Euphytica, 21, 71-77.
MacKay, G.R.-Low, R.Y. (1975): Spontaneous triploids in forage kale, Brassica 

oleracea var. acephala. Euphytica, 24, 525-529.
Mac Key, J. (1970): Significance of mating systems for chromosomes and gametes in 

polyploids. Hereditas, 66, 165-176.
Mac Key, Y. (1975): The boundaries and subdivision of the genus Triticum. 12th Intern.

Bot. Congr. Leningrad.
242



Magoon, M.L.-Khanna, K.R. (1963): Haploids. Caryologia, 16, 91-123.
Makino T. (1976): Genetic studies on alien chromosome addition to a durum wheat.

I Some characteristics of seven monosomic addition lines of Aegilops umbellulata 
chromosomes. Can. J. Genet. Cytol., 18, 455—463.

Maliga P-Kiss, Z.-Nagy, A.-Lazar, G. (1978): Genetic instability on somatic hy­
brids of Nicotiana tabacum and N. knightiana. Mol. gen. Genet., 163, 145-151.

Maliga P -Lazar, G.-Joo, F.-Nagy, A.H.-Menczel, L. (1977): Restoration of mor­
phogenetic potential in Nicotiana by somatic hybridization. Mol. gen. Genet., 157, 
291-296

Malik M A.-Latif, S. (1974): Interspecific hybrids of G. arboreum and G. stocksis 
Mast. J. Agr. Res., 12, 327-370. .. .

Mandy G. (1971): New concept of the origin of Triticum aestivum L. Acta Agron. Acad.
MAnd^G9(1972)'■ How Did Cultivared Plants Arise? (In Hungarian). Mezogazdasagi 

Kiado Budapest, 74—95.
Mangelsdorf, P.C. (1947): The origin and evolution of maize. Adv. Genet., 1, 161-207.
Mangelsdorf^ P.C. (1951): Hybridization in the evolution of maize, (in: GOWEN, 

I W • Heterosis, Amer. lova)
M angelsdorf, P.C.-Reeves, R.C. (1931): Hybridization of maize, Tripsacum and Euch- 

laena. J. Hered., 22, 329-343. .
Mansfeld R (1951): Das morphologische System des Saatweizens, Triticum aestivum 

L Ziichter, 1, 21, 41—46.
Marshal E S (1892): Epilobium Duriaei: a rejoinder. J. Botany, London, 30, 106-108.
Martin A-Chapman, V. (1977): A hybrid between Hordeum chilense and Triticum 

aestivum. Cer. Res. Comm., 4-5, 365-368.
Martin A-Sanches-Monge Laguna, E. (1980): Effects of the 5B system on control 

of pairing in Hordeum chilense* Triticum aestivum hybrids. Z. Pflanzenziicht., 85, 
122-127.

M ASMANOV V Y-Lodyinenko, Y.E. (1986): New essential oil plants brought under 
cultivation. Mas. Kul. Bot., 5, 35-36.

Matctitm H 61936) • On the origin of big pollen grains with an abnormal number of 
c£Z« - ,UIT k A

Matsumura, S. (1939): 20jahnge zytogenetische Untersuchung des pentaploiden 
Weizenbastards zwischen Emmer und Dinkel Weizen. Ziichter, 11, 289-301.

Matsuzawa, Y.-Sarashima, M. (1986): Intergeneric hybridization of Eruca, Brassica 
and Raphanus. Cruciferae Newsletter, 11, 17.

McCi ung H -Navashin, M. (1938): Influence of acenophtene on the division of cells 
and nuclei. (In Russian). C. R. Acad. Sci. USSR., 19, 193-196.

McFadden, E.S. (1930): A successful transfer of emmer characters to vulgare. J. Am. 
Soc. Agr., 22, 1020-1034.

McFadden, E.S.-Sears, E.R. (1946): The origin of Triticum spelta and its freethreshing 
hexapioid relatives. J. Hered., 37, 81-89.

McFadden, E.S.-Sears, E.R. (1947): The genome approach in radical wheat breeding. 
J. Am. Soc. Agr.. 39, 1011-1026.

McGranahan, G.H.-Tulecke, W.-Arubsekar, S.-Hausen J.Y. (1986): Intergeneric 
hybridization in the Juglandaceae: Pterocarpa sp. * Juglans regia. J. Am. Soc. Hort. 
Sci., Ill, 627-630.

McLean S.W. (1945): New hybrid with the aberrant species Datura ceratocaula reduced 
by embryo dissection. Genetics, 30, 14—15.

243



McNoughton, T H’ (1973): Synthesis and sterility of Raphanobrassica. Euphytica, 22, 
/0— ou.

Melchers, G. (1977): Microbial techniques in somatic hybridization by fusion of 
protoplasts, (in: Int. Cell Biol. eds. Brinkley, B.R.-Porter K R) 207-215

Melchers, G.-Sacristan, M.D.-Holder, A.A. (1978): Somatic hybrid plants of potato 
and tomato regenerated from fused protoplasts. Carlsberg Res. Comm.. 43 203-218

Menabde, V.L. (1961): Wheats of Georgia and their part in general evolution of the 
genus Triticum L. Izd. Akad. Nauk. Gruz., SSSR.

Mendel, G. (1866-1870): Versuche uber Pflanzenhybriden. 2. ed. Leipzig Akad Verl 
Ges., 685.

Mettin, D. (1962): Bastardierungsversuche in der Gattung Vicia. Ziichter 32, 146-155
Meszoly, G. (1968): Significance of interspecific tomato hybrids in the production of 

589597 reS*Stant t0 certa*n diseases. (In Hungarian.) Agrartud. Oszt. Kozl., 27,

Meszoly, G.-Farkas, J. (1971): TMV resistance of some other species hybrid lines 
Rept. Tomato Genet. Cooperat., 21, 24.

Michaelis, P. (1931): Zur Kenntnis einiger Digitalis-Bastarde. Biol. Zbl 51 124-134
Michaelis, P. (1937): Untersuchungen zum Problem der Plasmavererbung Protoplas­

ma, 27, 284-289. r
Michurin, J. (1925): Sexual Crossing and the Raising of Hybrid Seedlings (In Hun­

garian.) Akademiai Kiado, Budapest, 162-293.
Miller, T.E.-Chapmann, V.C. (1976): Aneuhaploids in bread wheat. Genet. Res.. 28, 

37—45.
Molhova, E.-Michailova, M. (1982): On the interspecific crossability between Cap­

sicum annuum L. and Capsicum pubescens R. and Capsicum annuum L. and Capsicum 
pendulum. Capsicum Newsletter, 1, 38-40.

Molnar-Lang, M.-Sutka, J.-Barnabas, B.-Sagi, L.-Belea, A. (1985): Production of 
barley (Hordeum vulgare L.) x wheat (Triticum aestivum L.) hybrid. (In Hungarian i 
Novenytermeles. 34, 4, 257-262. 6 '

Morinaga, T. (1928): Preliminary note on interspecific hybridization in Brassica Proc 
Jap. Acad., 4, 620-622.

Morinaga, T. (1929): Interspecific hybridization in Brassica. I. The cytology of F, 
hyk^ds of B. acephala and various other species with 10 chromosomes. Cytologia, 1,

Morinaga, T. (1940): Cytological studies on Oryza sativa L. Jap. J. Bot., 11 1-16.
Morinaga, T.-Fukushima, E. (1946): Cytogenetic studies on species and the offspring 

oi other specific hybrids in Oryza. Jap. J. Genet., 21, 35-36.
Morrison J.W (1953): Pollen formation in pentapioid and near-pentaploid wheat 

hybrids. Heredity, 3, 28-42.
Mujeb-Kazi, A.-Rodriquez, R. (1980): Some intergeneric hybrids in the Triticeae Cer 

Res. Comm., 8, 465-475.
Murray, B.E. (1980): Diploid, aneuploid and triploid plants from haploid x diploid 

crosses in flax (Linum usitassimum). Canad. J. Genet. Cytol., 22, 391-396.
Mc77a7Tsr7AHNAVI’ M'R’ (1986); The A 8enome of Arachis hypogaea L. Cytologia, 

DJI, 1
Mutly, G.S.-Lakham, L.B. (1958): Genetic studies in crosses between aestivum varieties 

and durum wheat Gaza. Ind. J. Genet., 2, 18-26.
Muntzing, A. (1930): Uber Chromosomenvermehrung in Galeopsis-Kreuzungen und 

ihre phytogenetische Bedeutung. Hereditas, 14, 153-172.

244



Muntzing, A. (1939): Studies on the properties and the ways of production of wheat-rye 
amphiploids. Hereditas, 25, 4, 387-431.

Muntzing, A. (1955): Mode of production and properties of a Triticale-strain with 70 
chromosomes. Wheat Inform. Serv., Kyoto, 2, 1—2.

Myers, W.M. (1947): Cytology and genetics of forage grasses. Bot. Rev., 13, 319-421.
Nageli, C. (1865): Uber die Bedingungen des Verkommens von Arten und Varietaten 

innerhalb ihres Verbreitungsbezirkes. Bot. Mittl., 2, 159-187.
Nageli, C. (1866): Die Zwischenformen zwischen den Pflanzenarten. Bot. Mittl., 2, 

294-339.
Nakajima, G. (1951): Cytogenetical studies of the hybrid (Triticum turgidum x Secale) 

x T. vulgare. Jap. J. Genet., 26, 105-118.
Nakamura, C.-Keller, W.A.-Fedak, G. (1981): In vitro propagation and chro­

mosome doubling of Triticum crassum x Hordeum vulgare intergeneric hybrid. Theor. 
Appl. Genet., 60, 89-96.

Nakanishi, T.-Esashi, Y.-Hinata, K. (1969): Control of self-incompatibility by CO2 
gas in Brassica. Pl. Cell Physiol., 10, 925-927.

Nakanishi, T.-Hinata, K. (1975): Self-seed production by CO2 gas treatment in self­
incompatible cabbage. Euphytica, 24, 117-120.

Narayan, R.K.J.-Rees, H. (1977): Nuclear DNA divergence among Lathyrus species. 
Chromosoma, 63, 101-107.

Naskidashvili, P.P.-Lomsadze, G.N. (1986): Induced mutagenesis in sainfoin breeding. 
The effectiveness of its use. Selekt. i Semen. USSR., 2,, 18—21.

Nassar, N.M.-Silva, Y.R. (1986): Interspecific hybridization between cassava and wild 
Manihot species. Cien. Cult, 38, 1050-1055.

Naudin, C. (1863): Nouvelles recherches sur 1'hybridete dans les vegetaux. Ann. Sci. Nat. 
Bot. A. Serv., 19, 180-203.

Negrul, A.M. (1930): Chromosomenzahl und Character der Reduktionsteilung bei den 
Art-bastarden der Weinrebe (Vitis). Ziichter, 2, 2, 33-43.

Neilreich, A. (1852): Uber hybride Pflanzen der Wiener Flora. Verb. Zool. Bot. Wien., 
1, 114-131.

Newell, C.A.-Delannay, X.-Edge, M.E. (1987): Interspecific hybrids between the 
soybean and wild perennial relatives. Monsanto Co. St. Louis, MO. USA.

Nienuhof, M. (1961): Male sterility in some cole crops. Euphytica, 10, 351-356.
Nilsson-Ehle, H. (1908): Einige Ergebnisse von Kreuzungen bei Hafer und Weizen. Bot. 

Not., 257-294.
Nilsson-Ehle, H. (1911): Kreuzungsuntersuchungen an Hafer und Weizen. II. Lunds 

Univ. Ars. N. F. Ard., 2, 1-82.
Nishiyama, J. (1934): The genetics and cytology of certain cereals. 6. Chromosome 

behaviour and its bearing on inheritance in triploid Avena hybrids. Nem. Coll. Agr. 
Kyoto, Univ., 32, 2-157.

Nishiyama, J. (1981): Suggestive information on an interspecific cross-incompatibility 
system in Triticum. Euphytica, 31, 32-34.

Nishiyama, J.-Inamori, Y. (1953): Polyploidy studies in the Brassica, 111. Nem. Res. Inst. 
Food. Sci., Kyoto, 5, 1-13.

Nordenskold, H. (1937): Intra- and interspecific hybrids of Phleum pratense and P. 
alpinum. Hereditas, 23, 304-316.

Ockendon, D.J. (1977): Rare self-incompatibility alleles in a purple cultivar of Brussels 
sprouts. Heredity, 1, 149-152.

O’Connel, M.A.-Hostica, L.P.-Honson, M.R. (1986): Examination of genome stabil­
ity in cultured Lycopersicon. Plant Cell Rep., 5, 276-279.

245



O Donoughne, L.S.-Grant, W.F. (1988): New sources of indehiscence for birdsfoot 
trefoil {Lotus corniculatus, Fabaceae) produced by interspecific hybridization. Genome 
30, 4, 459-468.

Oehler, E. (1934): Untersuchungen uber Ansatzverhaltnisse, Morphologic und Fer- 
tilitat bei Aegilops-Secale-Bastarden. Z. Ind. Abst. Vererbgsl., 67, 317-341.

Oehler, E. (1935): Untersuchungen and Aegilops-Haynaldia- und Triticum-Haynaldia- 
Bastarden. Z. ind. Abst. Vererbgsl., 68, 187-208.

Oehler, E. (1936): Untersuchungen an einem neuen konstanten additiven Aegilops- 
Weizenbastard. Ziichter, 8, 29-33.

Oehler, E. (1956): Art- und Gattungskreuzung. Handb. Pflanzenziicht., X-H.
Oehler, E. (1958): Art- und Gattungskreuzung. (In: Handbuch Pflanzenziichtung. 2. ed. 

Vol. 1. eds. Roemer, Th.-Rudorf, W.) 563-612.
Ohlendorf, A.W. (1957): Ergebnisse der Bastardierung von Triticum timopheevii mit 

Kultursorten des Weizens unter besonderer Beriicksichtigung der Krankheitsresistenz. 
Der Ziichter, 132-139.

Okamoto, M. (1957): Asynapsis effect of chromosome. V. Wheat Inform. Serv., Kyoto 
5-6.

Okonagi, E. (1934): Natural crossing between Brassica pekinensis and B. napus. Agr. 
and Hort., 9, 1095-1100.

Olsson, G. (1960): Self-incompatibility and outcrossing in rape and white mustard. 
Hereditas, 46, 241-252.

Olsson, G.-Josefsson, A.-Hagberg, A.-Ellerstrom, S. (1955): Synthesis of the Bras­
sica napus ssp. rapifera. Hereditas, 41, 241-249.

O'Mara, J.G. (1938): Cytogenetic studies on Triticale. I. A method for determining the 
effects of individual Secale chromosomes in Triticum. Genetics, 25, 401—408.

O Mara, Y.G. (1947): The substitution of a specific Secale chromosome for a specific 
Triticum vulgare chromosome. Genetics, 32, 99-100.

Padilla, J.A.-Martin, A. (1983): New hybrids between Hordeum chilense and tetra- 
ploid wheats. Cer. Res. Comm., 11, 5-7.

Pal, G.-Oswald, Z. (1967): A study of fertilization after removing different amounts 
of various parts of the pistil. Acta Agronomica, 16, 1-2. 33-40.

Pal, G.-Rajki, E. (1966): Solanum melongena L. x S. gil0 Raddi hybrids. Acta 
Agronomica, 15, 1-2, 37-44.

Pathak, G.N. (1940): Studies in the cytology of cereals. J. Genet., 39, 437-467.
Pellew, C. (1927): The genetic behaviour of Primula Kewensis. Z.f. ind. Abstr. Vererbsl 

35, 402-403.
Percival, J. (1921): The Wheat Plant. A monograph. Duchwozl. Co., London, 473.
Percival, J. (1930): Cytological studies of some hybrids of Aegilops sp. x wheats and 

of some hybrids between different species of Aegilops. J. Genet., 22, 201-278.
Percival, J. (1948): Wheat in Great Britain. London, Duchwozl. Co. 24-45.
Person, O.H.-Hopp, R.-Bohn, G.W. (1951): Notes on species crosses in Cucurbita.

Proc. Am. Soc. Hort. Sci., 57, 310-321.
Peto, F.N. (1938): Hybridization of Triticum and Agropyron. V. Can. J. Res 16, 

516-529.
Petrov, J.A. (1955): Vegetative hybridization of cereal crops. (In Russian). Vest. Akad. 

Nauk. SSSR., 12, 21-28.
Pickersgill, B. (1980): Some aspects of interspecific hybridization in Capsicum. IV-th 

Meeting of Capsicum Working Group, Wageningen,
Pienaar, R.V. (1979): Meiotic associations in a Triticum aestivum L. em. Thell x Agropy­

ron distichum (Thumb.) Beauv. hybrid. Grass and Pastures of South Africa., 24-26.
246



Pienaar RV (1980)- Meiotic association in a Triticum L. durum Desf. em. Bow­
den x Agropyron distichum (Thumb.) Beauv. hybrid. Wheat inform. Serv. Kyoto, 51,

Pierek^R L M (1987)' In Vitro Culture of Higher Plants. Nijhoff, Boston, 1-344.
Pissarev V.E.-Vinogradova, H.M. (1945): a haploid barley plant produced by remote 

hybridization. Dokl. Akad. Nauk. SSSR., 49, 372. f
Pope W K -Love M. (1952): Comparative cytology of colchicine-induced amphiploids 

of interspecific hybrids Agropyron trichophorum* Triticum durum, Triticum timo- 
pheevii and T. macha. Hilgardia 211, 410-426. ,

Porpaczy, A.-Farago, M. (1950): Interspecific blackberry-raspberry hybrids. Agrar- 
tud. Egyet. Evkonyv., 14, 3-4. .

Porpaczy A -Kollanyi. L. (1963): Studies on progeny generations of the interspecific 
blackberry-raspberry hybrid Rubus mohacsynus. Novenynem. Novenyterm. Kut. Int. 
K j 7 j

Potrykus, J.-Hoffmann, F. (1973): Transplantation of nuclei into protoplasts of higher
PowERtSJ B -^erry^R-Chapman, J.V.-Cocking, E. (1980): Somatic hybridization 

of sexually incompatible Petunias: Petunia parodii, Petunia parviflora. Theor. Appl. 
Crpyipt ^7 I—4.

Power JB-Berry, S.F.-Chapman, J.V.-Cocking, F.-Sink, K.C. (1979): Somatic 
hybrids between unilateral cross-incompatible Petunia species. Theor. Appl. Genet., 55, 
97-99

Power J B -Freason, E.M.-Hayward, C.-George, D.-Evans, P.-Berry, S.F.-Co- 
CKING E C (1976): Somatic hybridization of Petunia hybrida and P. parodii. Nature, 
263, 5000-5002. . .

p»ak™ R -Swaminathan, M.S. (1952): Cytological behaviour of some interspecific 
crosses’in the genus Solanum, sect. Tuberarium. Genetics, 26. 77-110.

Prendergast H.D.V.-Stone, N.E.-Hattersley, P.W. (1988): Leaf blade structure and 
C acid decarboxylation enzymes in Cynochloris spp. (Poaceae), intergeneric hybrids 
between species of different C4 type. Botan. J. Linn. Soc., 96, 381-389.

Pphsmam I A (1939): A successful cross between Triticum vulgare and Triticum timo- 
vheevii J Australian Inst. Agr. Sa., 5, 160-161.

Pritchard A J (1965): Cytological and genetical studies on hybrids between Sorghum 
almum Parodi (2m = 40) and some diploid (2n = 20) species of Sorghum. Euphytica, 14, 
307—314

Propach H (1938): Kreuzbarkeit von Solanum- Arten untereinander und mit Kultur- 
kartoffeln und die Fertilitat der Bastarde. Forsch. dienst., 6, 311-314.

Pundir RPS.-Singh, R.B. (1986): Inheritance pattern for pod length and ovule 
number in wide crosses among Cajanus and Atolysie species. Euphytica, 35, 649-652.

Raghavan T.S. (1952): Cytoplasmic inheritance in Saccharum. Cur. Sci., 20, 138-140. 
Rajhathy T.-Symko, S. (1963): Cytogenetics of pentapioid hybrids in Hordeum. Genet- 
Rajhaitiy^T.-Thomas, H. (1974): Cytogenetics of oats (/Eena L.). Genet. Soc. Can., 

1-90
Rajki E (1966): Studies on fertiliztion of the stigma in various stages of development 

in Bankuti 1201 wheat. (In Hungarian) Novenytermeles, 10. 355-344.
Ramirez B W (1986): On the hybridization and self-fertilization in Ficus (Moraceae). 

Brenesia, 25—26, 265—272.
Randolph. I.F. (1932): Some effects of the high-temperature on polyploidy and other 

variations in maize. Proc. Nat. Acad. Sci., 18, 222—229.
247



Rangasamy, P. Kadambavananudaram, M. (1974): A cytogenetic analysis of sterility 
in interspecific hybrid Solatium indicum Linn, x Solarium melongena Linn Cytoloaia 
39, 645-654. ’

Raynbird,H. (1851-1853): On the hybridization of wheat. Trans, of the High andAaric 
Scotl. Ser., 3, 491.

Redei, G. (1954): Raising of cereal embryos in vitro. (In Hungarian). Ph. D. thesis TMB 
Budapest, 1-70.

Rees, H.-Walters, M.R. (1966): Nuclear DNA and the evolution of wheat Heredity 
20, 73-83.

Reinert, J.-Gosch, G. (1976): Continuous division of heterokaryons from Daucus 
carota and Petunia hybrida protoplasts. Naturwissenschaften, 63, 534.

Renner, O. (1929): Artbastarde bei Pflanzen. Berlin, Fritz Wettstein, Ritter v Wester- 
heim 4, 161.

Rhoades, H.M. (1933): The cytoplasmic inheritance in male sterility in Zea mays J 
Genet., 27, 71-93.

Rick, C.M. (1963): Differential zygotic lethality in a tomato species hybrid Genetics 
48, 1497-1507.

Rick, C.M. (1969): Controlled introgression of chrmosomes of Solanum pennellii into 
Lycopersicon esculentum: segregation and recombination. Genetics, 62, 753-768.

Riley, R. (1958): Chromosome pairing and haploids in wheat. Proc. X Intern Conor
Genet., 2, 234-235. ’ '

Riley, R. (1960): The meiotic behaviour of fertility and stability of wheat-rye chro­
mosome addition lines. Heredity, 14, 89-100.

Riley, R. (1966): The transfer of alien genetic variation to wheat. Plant Breed Inst 
Cambridge, Ann. Rep., 1964-1965.

Riley, R.-Chapman, V. (1958): Evidence on the origin of the “B” genome of wheat J 
Hered., 49. 91-98.

Riley, R.-Chapman, V. (1960): Genetic control of the cytologically diploid behaviour 
of hexapioid wheat. Nature, 182, 713-715.

Riley, R.-Chapman, V.-Johnson, R. (1968): The incorporation of alien disease resis­
tance in wheat by genetic interference with the regulation of meiotic chromosome 
synapsis. Genet. Res., 12, 199-219.

Riley, R.-Ewart, M. (1960): The production and phenotypes of wheat-rye chro­
mosome addition lines. Heredity, 12, 301-315.

Rimpau, W. (1877): Die Ziichtung neuer Getreidearten. Landwirtsch. Jahrb. 5, 885
Rimpau, W. (1891): Kreuzungsprodukte landwirtschaftlicher Kulturpflanzen 

Landwirtsch. Jahrb., 20, 347.
Ringdahl, E.A.-McVetty, P.R.-Sernyk, Y.L. (1987): Intergeneric hybridization of 

Diplotaxis ssp. with Brassica napus: a source of new CMS systems7 Can J Pl Sci 
67, 239-243.

Robbelen, G. (1960): Uber die Kreuzungsvertraglichkeit verschiedener Brassica-Nrten 
als Folge eines gehemmten Pollenschlauchwachstums. Ziichter, 30, 300-312

De Robertis, E.D.P.-Nowinski, W.W.-Saez, F.A. (1970): Cell biology. General cytol­
ogy. Akademiai Kiado, Budapest, 608.

Roberts, H.F. (1965): Plant Hybridization before Mendel. New York, Hafner 394
Roemer, W. (1935): Fruchtbarkeits- und Vererbungsstudien bei Srawfca-Artkreuzun- 

gen. Z.f. Pflanzenziicht., 20, 377-417.
Rogers Y.S.-Edwardson, J.R. (1952): The utilization of cytoplasmic male-sterile 

inbreds in the production of corn hybrids. Agron. J.. 44, 8-13.

248



Rocgen HPJR (1975)- Stigma application of an extract from rape pollen (Brassica 
napus L.) in Brussels sprouts (Brassica oleracea var. gemmifera). Incompatibility News-

Roggen ^KRTR-van Dijk, A.J. (1972): Breaking self-incompatibility of Brassica 
oleracea by steel brush pollinatiom , 21, 424-425.

Rosie M (1955): L’origine du ble. Set. et Av., So oz. ...
Ross W M-Webster, OJ. (1959): Additional notes on stigma receptivity in cytoplas- 

rricma^sterileS^^^
Rowland G G -Kerber, E.R. (1974): Telocentric mapping in hexapioid wheat of genes 

for leaf rust resistance and other characters derived from Aegilops squarrosa. Can. J.

type of species origin' CRAcad' ScL USSR-’ 

rJdorf,7W8(1949): Beobachtungen auf dem Gebiete der Pflanzenziichtung in USA. Z. 

Rudorf”w”(1950) 2Uber die Erzeugung und die Eigenschaften synthetischer Rapsfor- 

Rt^/w mst^Neue Beobachtungen an Bastarden von Phaseolus vulgaris x Pha- 
seolusmultiflorusLeins und Ph. multiflorus x Ph. vulgaris. Intern. Genet. Congr. Bella- 

Rudorf W (1956): Neue Grundlagen und Methoden zur Ziichtung auf Leistung.
7 f PRnnrenziicht., 4, 441—460.

_ An F (1951): Die Ziichtung mehltau-resistenter Gersten mit Hilfe
efnTrieXtiX Wildform. Z f. Pflanzenziicht., 30, 445-463.

Rusmini B (1959)' The breeding of Triticum durum by means of interspecific crosses. 
RuTtef'1^^932^ hybridization in the genus Mentha. Proc. 6th Intern.

Qa^d^F^Monti 3L2M. (1987): Useful traits transferred in processed tomatoes 
through interspecific crosses. Acta Hort. 200-203.

Sachs L (1953)' Chromosome behaviour in species hybrids with Triticum timopheevii. 
„ ft'7A ^'1 826^: Considerations sur la production des hybrides, des variantes et des
' AGER L en general. et sur celles des Cucurbitaceaes en particulier. Ann. Sci. Nat. Pren. 

q/noVr^M^MALLAH, G.S.-Sherif, M.I. (1970): Interspecific hybridization in Ly- 
eo^rsicon 3. Quantiative inheritance. J. Agr. Res., 18, 177-183.

Salmon R (1919): Papaver rhoeas, P. dubium and the hybrid between them. New 
Phvtol 18, 111—117.I (]979): The influence of different strains of barley stripe mosaic virus on 

ihe'frequency of triploids and aneuploids in barley. Phytopath., 95, 97-104.
Sapehin A A (1930): Genetics of interspecific crosses. Trudi. Ves. Send. Gen. Sei.

Semen i Piemen Zhivot., 2, 19—26.
„ >«i A B Deshpande, D.S. (1987): Spontaneous emergence of parents from the Fj 

interspecific hybrids of Coix L. J. Heredity, 6, 357-360.
Sarkar P Stebbins, G (1956): Morphological evidence concerning the origin of “B” 

genome in wheat. J. Bot., 43, 297-404.
Sasakuma, F.-Maan, S.S. (1978): Fertility and chromosome transmission of synthetic 

249



pentapioids involving D, M, or Mu genomes of Aegilops. Wheat Inform. Serv. Kyoto 
47-48, 28-31.

Savitsky, H. (1958): Chromosome behaviour in interspecific hybrids between Beta 
vulgaris L. and species of the section Patellares. Tr. Proc. X. Intern. Conor Genet 
250-251.

Sawant, A.C. (1958): Cytogenetics of interspecific hybrids Lycopersicon esculentum 
Mill, x L. hirsutum Hmb. and Bonpl. Genetics, 43, 502-514.

Sax, K. (1918): The behaviour of chromosomes in fertilization. Genetics, 3, 309-327.
Sax, K. (1922): Sterility in wheat hybrids. II. Chromosome behaviour in partially sterile 

hybrids. Genetics, 7, 513-552.
Scheibe, A. (1951): Einfiihrung in die Algemeine Pflanzenziichtung. Art- und Gattungsbas- 

tarde. Stuttgart, 269-282.
Schieder, O. (1978): Somatic hybrids of Datura innoxia Mill, and Datura discolor 

Beruch. and Datura innoxia Mill, and Datura stramonium L. var. tatula L Mol gen 
Genet., 167, 113-119.

Schiemann, E. (1932): Entstehung der Kulturpflanzen. Handb. Vererb. Vol. 3. Verlag v. 
G. Borntraeger, Berlin.

Schiemann, E. (1943): Artkreuzungen bei Fragaria. III. Die vesca-Bastarde (Part 1) 
Flora, 37, 44.

Sc™™^2N’ E (1951^ Offene FraSen in der Gattung Fragaria. Z.f. Pflanzenziicht., 30,

Schiemann, E.-Staudt, C. (1958): Triticum monococcum* T. dicoccum ein Am- 
phidiploid mit dem Genom AAAABB. Ziichter, 28, 4, 57-81.

Schlegel, R. (1982): First evidence for rye-wheat additions. Biol. Zbl., 101, 641-646.
Schrimpf, K. (1951): Ein Beitrag zur Phylogenie und Systematic der Gattung Triticum. 

Z.f. Pflanzenziicht., 31, 42-47.
Schulz-Schaeffer, J.-McNeal, F.H. (1977): Alien chromosome addition in wheat 

Crop Sci., 17, 891-896.
Schulz-Schaeffer, J.-Haller, S.E. (1987): Registration of Montana-2 peren­

nial x Agrotriticum intermediodurum Khizhnyak. Crop Sci., 27, 822-823.
Schwanitz, F. (1973): Origin of Cultivated Plants: An Evolution Model for the Whole 

of the Plant Kingdom. (In Hungarian). Mezogazdasagi Kiado, Budapest, 194.
Screenivasan; J.-Screenivasan, T.V. (1984a): In vitro propagation of a Saccharum 

oflicinarum L. and Sclerostachya fusca (Boxb.) A. Camus hybrid. Theor. Appl Genet 
67, 171-174.

Screenivasan, T.V.-Screenivasan, J. (1984b): Cytology of Saccharum complex from 
New Guinea, Indonesia and India. Caryologia, 37, 351-357.

Sears, E.R. (1941): Amphiploids in the seven-chromosome Triticinae. Miss Agric Exp 
Res. Bull., 336.

Sears, E.R. (1944): Cytogenetic studies with polyploid species of wheat. II. Genetics 29 
232-246.

Sears, E.R. (1954): The aneuploids of common wheat. Mo. Agric. Exp. Sta Res Bull 
572, 1-59.

Sears, E.R. (1955): An induced transfer from Aegilops to Triticum. Genetics, 40, 595.
Sears, E.R. (1956a): The “B” genome of Triticum. Wheat Inform. Serv., Kyoto, 4, 8-10.
Sears, E.R. (1956b): The transfer of leaf-rust resistance from Aegilops umbellulata to 

wheat. Genet. Plant Breed. Symp., 1-22.
Sears, E.R. (1959): The systematics, cytology and genetics of wheat. Handb. Pfianzen- 

ziicht., 2. 164.

250



Sears, E.R. (1974): The wheats and their relatives. Handb. Genet, (in: R. King: Plants, 

Plant^iruses^ of ^t-Agropyron recombinant chromosomes. Inter-
Sears, b.K. I ■ Breed Proc. 8. Eucarpia Congr.

specific Hybrid nan • Reailocation of the genomes of Triticum timopheevii 
Shands, H.-Kimber, G^(19 T Symp Miss .Columbia, iQl-108.

Zhuk. Proc. 4th In c hological studies in Ft hybrids between Agremone 
Sharma, H.C. (1986). o?roienca Sweet j Ind.an Botm Soc 65, 695001

mexicana L. an 9 hybridization. Wheat Newsletter, 27, 106.
—Hfc UM of s’““ d“s,t’ “ a wh“' cross T- T-
bHARMAN, D.v. 1—100
. “0°'™-““'N™ Y“k,.
Sharp, L.w. Hiimination of radish chromosomes and conditions necessary
Shavinskaya, S.A. ( - L f cabbage and its polyploid forms with radish and

for their function in crosses ot ca Ser 7> ?8_91
radish-cabbage yri • j of wheat alien chromosomes controlling endo-

Shepherd, K.W. (1973L gy Columbia
sperm protein phen yp (1981): Wheat x barley hybrids, the first eighty years.

^™Wh^cience today and tomorrow, eds. Evans, L.T.-Peacook, W.J.) Cambridge

University of the cereals and an essay on the wheat fly. Edinburgh
Shierreff, P. (1891) • '"w

and London nQW. /ur Karyogenetik der Gattung Chrysanthemum. J. Sci.
Shimotomai. N.N. 2 j-kjo

Hiroshima s’ (1981): Production of polyhaploid plant of Aegilops
Shingenobu, ’ . d by Hordeum bulbosum. Jap. J. Genet., 52, 397-401.

crassa (6 IP T , 1987)’ Synthetic hexapioids derived from wild species related Shiontani, L-Kawase, i ■ ;
dHiuNiaim, Botany, 31, 367-376.

to sweet po a . ■ • influence of the «B” genOme on chromosome pairing in
Siddiqui, • ■ x ^riticum x Secale hybrids. Hereditas., 70, 97-104.

trigeneric 1976y Heutuberosum and the genetic base in potato breeding. ARC 
Simmonds, m.w.
Sinnot^E W-Dunn, L.C.-Dobzhansky, Th. (1958): Principles of Genetics. 5th ed. 

xt York—Toronto—London.
NeW »« a < 1 osri ■ Studv of the process of fertilization in interspecific crosses of flax. 

S7^n X Prikl. Bot. Genet. Selek. Sbor. Puschkinskih Lab., 1, 303-311.
11 K a 11935)- Cvtological studies in cotton. 3. A hybrid between Gossypium

a. ■««<«■ J- *
damasomu tepanova, A p-Litchenko, N.A. (1985): Effects of p-indolylbutync 

on root formation in fruit crops. Byull. Gas. Nikh. Bot. SUDA, 56, 33-36
’ d ■ C S (1957): Inheritance of head characters in tetrapioid wheat hybrids. 1. Glume 

SMi'^Iacitv and head type in Mindum durum x Vernal emmer. J. Agr. Res., 6-28.
C te FI H H939): The induction of polyploidy in Nicotiana species and species 

^hybrids J. Hered., 30, 291-306.
Smith P G.-Heiser, Ch.B. (1957): Breeding behaviour of cultivated peppers. Proc.

Knapf * I W^Chapman, V.-Moss, C.E.-Blanchard, C.E. Miller, T.l. (1979): The 
usabilities of wheat varieties with Hordeum bulbosum. Heredity. 42, 291-298.CnMMFRS D A -Narayanan, K.R.-Kleinhofs, A.-Cooper-Bland, S.-Cocking, E.C.

251



(1986): Immunological evidence for transfer of the barley nitrate reductase structural 
gene to Nicotiana tabacum by protoplast fusion. Mol. gen. Genet., 166, 204-301.

Spillman, W.J. (1901): Quantitative studies on the transmission of parental characters 
of hybrid offspring. Proc. 15th Ann. Corn. Ass. Amer. Agric. Coll. Exp. St., 115, 88-98.

Space, C.A. (1975): Hybridization and the flora of the British Isles. Academy Press 626' 
Starzycki, S.-Was, L. (1960): Studies on breeding winter wheat with the aimes of 

improving grain quality. II. (In Polish). Hodowla Roslin Aklimatyz. Naseennictwo, 4, 
637—649.

Staudt, G. (1951): Uber Fragen der phylogenetischen Entwicklung einiger Arten der 
Gattung Fragaria. Ziichter, 21, 222-232.

Stebbins, G.L. (1947): Types of polyploids. Their classification and significance Adv 
Genet., 1, 403-429.

Stebbins, G.L. (1959): The role of hybridization in evolution. Proc Amer Phil Soc 
103, 231-251.

Stebbins, G.L.-Walters, M.S. (1950): The evolutionary significance of two synthetic 
allopolyploid species of Bromus. Science, 108, 2816. 680.

Stephens, S.G. (1979): The cytogenetics of speciation in Gossypium. I. Selective elimina­
tion of the donor parent genotype in interspecific backcrosses. (in: Lewin, D. Hy­
bridization. An evolutionary perspective)., 51-61.

Straathof, T.P.-Goldy, R.G. (1987): In vitro germination and establishment of some 
strawberry species. Hort Science, 22, 119-121.

Straw, R.M. (1955): Hybridization, homogamy, and sympatric speciation, (in: Levin, 
D.A. (1979): Hybridization. An evolutionary perspective.) 101-104.

Subhashini, V. (1973). Interspecific hybridization in the genus Nicotiana involving a new 
Australian species N. umbratica. Euphytica, 22, 3, 607-612.

Subrachmanyam, N.C. (1979): Haploidy from Hordeum interspecific crosses. Theor 
Appl. Genet., 55, 139-144.

Suemoto, H. (1969): The origin of the cytoplasm of tetrapioid wheats. Proc. 3th Intern. 
Genet. Symp.

3^0 A ^947^ An evolution of back-cross-derived wheats. Hilgardia, 17,

Swaminathan, M.S. (1963): Mutational analysis of the hexapioid Triticum complex. 
Proc. 2nd Intern. Wheat Genet. Symp.

Swaminathan, M.S.-Howard, H.W. (1953): The cytology and genetics of the potato 
(Solanum tuberosum) and related species. Biol. Genet., 16, 1-192.

Swaminathan, M.S.-Radhakrishna, M.B. (1957): One-way incompatibility in some 
species crosses in the genus Nicotiana. Ind. J. Genet, and Plant Breed., 17, 45-67.

Symko, S. (1969): Haploid barley from crosses of Hordeum bulbosum (2x ) x Hordeum 
vulgare (2 x). Can. J. Genet. Cytol., 11, 602.

Szalay, D. (1968): Disease resistance of Triticum x Aqropyron hybrids. (In Hungarian) 
Agrdrtud. Oszt. Kozl., 27, 475-484.

Szalay, D.-Belea, A. (1962): A study on interspecific Triticum hybrids and intergeneric 
Triticum x Agropyron hybrids. Agr. Res. Inst. Hung. Acad. Sci., 287-311.

f abaeizadeh, Z.-Pring, D.R.-Vash, I.R. (1987): Analysis of mitochondrial DNA from 
somatic hybrid cell lines of Saccharum officinarum (sugarcane) and Pennisetum ameri- 
canum (pearl millet). Plant Mol. Biol., 8, 509-513.

Takashima, S. (1953): The growth percentage of pollen tubes by interspecific crosses in 
the genus Cucurbita. Jap. Genet., 28, 233-237.

252



Takenaka Y. (1958): Cytogenetic studies of the genus Nicotiana. 11. Ann. Rev. Nat. 
Takenaka^ Y. (1959)5:'cytogenetic studies of the genus Nicotiana. 12. Ann. Rev. Nat.

1964) Characteristic of amphiploid Triticum timopheevii Zhuk x T. durum 
Desf.’andTaestivum L. x T. timopheevii Zhuk. (In Russian). Sb. Trud. Asp. Molod.

Tackholm" G ^CyCytologische Studien uber die Gattung Rosa. Acta Hort. Berg., 

7 97-381
Terpo A. (1966): Kritische Revision der wildwachsenden Arten und der kultivierten 

Sort’en der Gattung Capsicum L. Feddes. Rep. 72,155-191
Thomas J B-Kaltsikes P.J.-Anderson, G. (1980): Relation between wheat-rye 

crossability and seed set of common wheat after pollination with other species in the

R-Bates, L.S. (1977): Barley x wheat hy- 
brids. Cer. Res. Comm., 5, 181-188. .

Thompson R C. (1942): An amphidiploid Lactuca produced through nonreduction in 
Fi hybrids. J. Hered., 33, 253-264. . ,

Thompson W P. (1926): Chromosome behaviour in cross between wheat and rye. 
Genetics, 11, 317-322. f ,■ r

Thompson W P (1930): Causes of difference in success of reciprocal interspecific cross­
es. Amer. Naturalist., 64, 407-421.

Thompson W.P. (1940): The causes of hybrid sterility and incompatibility. Trans. R. 
Soc Can Ser. III. Sect. V., 34, 67, 111.

Thompson W P (1964): Triple cross hybrid kale. Euphytica, 13, 173-177.
Thompson’ W P.-Robertson, H.T. (1930): Cytological irregularities in hybrids between 

species of wheat with the same chromosome number. Cytologia, 1, 252-262.
Todua B T (1986): Karyology of species and forms of the Lauraceae. Subtrop. Cul’t., 

T ’..mastt H B (1970)' Intergeneric hybrids between Brassica japonica and Raphanus 

Tschermak, E. (1900): Uber kunsthche Kreuzung bei Pisum sativum. Ber. deutsch. bot. 
TcruPRMAK2^ V 3(91929) ■ Uber seltene Weizen- und Haferbastarde und Versuche ihrer 

nraktischen Verwertung. Beitr. Pflanzenziicht.. 10, 74-93.
Tschermak, E.v.-Bleier, H. (1926): Uber fruchtbare zle^/o/w-Weizenbastarde. Ber. 

deutsch bot. Ges., 44, 110-131.
Tsitsin N V. (1957): Crosses Between Distantly Related Cereals. Mezogazdasagi Kiado, 

Tukty'h^. (1954): Plant Regulators in Agriculture. Wiley, New York, Chapman-Hall, 

Limited, London, 269. . .
Tumanyan M.G. (1937): Wild monococcum and dicoccum wheats in Armenia. Trudy, 

no Prikl. Bot. Gen. Sei., 24, 1-14.
Tutberidze B.D. (1986): New form of citrange. (In Bulgarian). Sadostotvo, 6, 25-26. 
Ullmann, W. (1936): Natural hybridization of grass species and genera. Herb. Rev., 4, 
Upathya^M.D.-SwaMINATHAN, M.S. (1963): Genome analysis in Triticum Zhukovskyi, 

a new hexapioid wheat. Chromosoma, 14, 589-600.
Vasu V. -Ferl, R.Y.-Vasil, Y.H. (1988): Somatic hybridization in the Gramineae: 

253



Triticum monococcum L. (eincorn) x Pennisetum americanum (L.) Schum. (pearl mil­
let). J. Pl. Phys.. 132, 160-163.

Venediktov, M.M. (1958): Hybrid seed setting and the behavior of the Ft hybrids in 
crosses between certain wheat species. Sb. robot, asp. molod. nauk. sotr., 1.

Venkatramian, T.S. (1931): Sugar cane-Sorghum hybrids. An appeal for seeds of wild 
sorghum. Int. Sugar Y., 33, 393-433.

Vida, G. (1974): Studies on the evolution of polyploid in Filicideae species. (In Hun­
garian). D. Sc. Thesis., TMB. Budapest.

Vida, G. (1981): Genetics. (In Hungarian). ELTE. Tankonyvkiado, Budapest., 463.
Vilmorin, H. (1880): Note sur un croisement entre deux especes du ble. Bull. Soc. Bot. 

de France, 27, 73-74.
Vilmorin, H. (1889): Catalogue methodique et synonymique des froments. Paris.
Wagenheim, K.H. (1954): Zur Ursache der Kreuzungsschwierigkeiten zwischen Sola- 

num tuberosum L. und S', acaule Bitt. bez. S. stoloniferum. Z.f. Pflanzenz., 34, 7-48.
Wagner, S. (1932): Artkreuzungen in der Gattung Helianthus. Z.f. ind. Abst. Vererbsl., 

61, 76-146.
Wakakuwa, S. (1934): Embryological studies on the different seed development in 

reciprocal interspecific crosses of wheat. Jap. J. Genet., 7, 151-185.
Wall, A.M.-Riley, R.-Chapman, V. (1971): Wheat mutants permitting homoeologous 

meiotic chromosome pairing. Genet. Res. Camb., 18, 311-328.
Watkins, A.E. (1927): Genetic and cytological studies in wheat. III. J. Genet., 18, 

375-396.
Watkins, A.E. (1932): Hybrid sterility and incompatibility. J. Genet., 25, 125-162.
Watson, J.A.-LOig, A. (1958): Timvera - a Steinwedel x T. timopheevii derivative. Agr. 

J., 50, 10, 644.
Webber, J.M. (1939): Interspecific hybridization in Gossypium and the meiotic behaviour 

of Fj plants. J. Agr. Res., 51, 1047-1070.
Weiling, F. (1955): Uber die interspezifische Kreuzbarkeit verschiedener Kiirbisarten. 

Ziichter, 25, 33-57.
Wellensiek, S.T. (1947): Methods for producing triticales. J. Hered., 38, 167-173.
Werner, D.Y.-Honma, S. (1980): Inheritance of fruit detachment force in pepper. J. 

Am. Soc. Hort. Sci., 105, 805-807.
Wettstein, W. (1933): Die Kreuzungsmethode und die Beschreibung von Fi-Bastarden 

bei Populus. Z. Pflanzenz., 18, 597-626.
Whelan, E.D.F. (1978): Hybridization between annual and perennial diploid species of 

Helianthus. Can. J. Genet. Cytol.. 20, 223-230.
Whitaker, T.W. (1954): A species cross in Cucurbita. J. Hered., 65-69.
Whitaker, T.W. (1956): The origin of the cultivated Cucurbita. Am. Nat., 90, 171-176.
Whitaker, T.W. (1962): An interspecific cross in Cucurbita: C. lundelliana Bailey x C. 

maxima Duch. Euphytica, 11, 3. 273-281.
White, W.J. (1940): Interspecific crosses between Triticum and Agropyron. Sci. Agr., 21, 

198-232.
Wiegmann, A.F. (1828): Ober die Bastarderzeugung im Pflanzenreich. Braunschweig.
Williams, C.H.-Cameron, C. (1936): Fertile sugar canexmillet hybrid. Nature, 137, 

3472. 830
Williams, L.-Young, H.C. (1974): Use of 4-N-butyl-l,2,4-triasole for measuring the 

effects of leaf rust on yields of winter wheat forage. Ph. D. Dissertation Rep. (Belts­
ville), 58, 272-275.

Williams, W. (1964): Bases of genetics and plant breeding. Botan. Rev.. 2, 1-23.

254



«7A>r T Ct de-Williams, E.G. (1987): A hybrid between Ornithopus 
Williams, . . , ■ pitman obtained with the aid of ovule-embryo culture.

sativus and 0. compressus cv. niw ,

Wi1^n“a^ rye hybrids. Trans, and Proc. Bot. Soc. Edinburgh. 12,

286-288. . । sterility interaction of the Triticum aestivum
"SX 'andS Sm- 14’
Whshn T H H900F The structure of certain new hybrids (Passiflora, Albuca, Ribes, 
wiLboiN, j.n. Soc 24 146—180

The chromosomes, iheir number and general importance. C. r. Trav. 
^Carlsberg, ’□ (/\1938)' Chromosome numbers in nodules and roots of red 

Wipf, E.—cooper, . , den pea, 87 91
Woicwcho^ A -ANDRZEJEWSKI, R.P. (1986): Evalution of crossability in intergenet- 
wojcmc ,nersicon esculentum Mill, x Capsicum annum L. based on the pollen 

ic crosses^ y^ Sd Bjol Sd 219-225.

Yakamoto K (1959): Fi sativa x Vicia angustifolia. Jap. Journ. Breed., 5, 

Yarnell^S H (1956): Cytogenetics of the vegetable crops. 2. Crucifera. Bot. Rev., 22, 

Y -Hauptman R.M.-Smith, A.G.-Widholm, J.M.(1987): Selection of a Nicotania 
h ainifolia universal hybridizer and its use in intergeneric somatic hybrid forma- 

fion Mol Gen. Genet., 208, 470^180.
Yerk G -Peloguin, S.I. (1987): 2n pollen in wild Solanum species and their Tuberosum 

Tanloid snecies hybrid derivatives. Am. Potato J., 64, 466-467.
Zapata C.-Ruiz, M. (1985): Coffee breeding. Inv. Gen., 3.
7 ller Y -Fischer, K. (1974): Resistenzeigenschaften des Weizens, die sich auf Fremd- 

Echromosomen zuruckfuhren lassen. Proc. IV. Intern. Wheat Genet. Symp.
Zenkteler, M.-Slusarkiewicz-Jarcina, A. (1985): Sexual reproduction in plants by 

applying’the method of test tube fertilization of ovules. Proc. Int. Symp., 415-423. 
7„rUDjk' A R (1939): Production of amphidiploids of Tr. durum x Tr. timopheevi, C.R. AHldKAN. nav- \ /

Acad. Sci. URSS, 25, 56-59.
Zhebrak A.R. (1944): Synthesis of new species of wheats. Nature, 153, 349-551.
Zhebrak’ A.R.-Nikolskiy, J.K. (1960): For development in a 70-chromosome am- 

phidiploid wheat species. (In Russian). Bull. Inst. Biol. Akad. Nauk. Belorusk, SSR.,

Zhirov F G. (1980): Synthesis of a new hexapioid wheat. Trud. Priklad. Botan. Genetike 
i Selektsii, 68, 14—16.

Zhukovsky, D.M. (1928): A new species of wheat. Trud. Priklad. Botan. Genetike i 
Selektsii, 19, 59-66.

Zirkle C. (1935): The beginnings of plant hybridization. Univ. Pennsylv. Philadelphia, 
1-76’



s w 3









The possibility of crossing plant species which are only distantly 
to each other, the genetic, biochemical and other obstacles 

which complicate or prevent the production of plant hybrids, and 
t e methods which hold out the promise of success, have always 
Deen a fascinating topic for scientists. The new genetic methods 
(ce usion, genetic engineering, etc.) which have not yet become 
^this f make ^is subject particularly exciting for specialists

This manual presents a detailed theoretical and practical discus­
sion of interspecific and intergenetic hybrids between gametic 
plants with particular emphasis on economically valuable horticul- 
ural and field crops (fodder, foodstuff, industrial crops) and on 

plants which deserve special attention.
The book is not only a monograph on some plant species but also 

a summary of the data and results from numerous related fields.
e aim of the book is to help the work of researchers who wish 

to employ this method in either theory or practice. Scientists 
(geneticists, plant breeders) as well as university students in this 
field will find it a valuable reference book.

AKADEMIAI KIADO, 
BUDAPEST




